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Abstract
Cancer metastasis, the ability of cancer cell to change position within the tissue
through migration and invasion represents the most deadly aspect of cancer. As one of
the ongoing challenges in cancer therapy, it’s failed in most treatments. For example,
cell surface receptor-integrin that functions as adhesion molecule is well-recognized
drug target for anti-metastatic drug development. By targeting the integrin-ligand
binding site, antibody, and small molecule antagonists have been commonly used. But
these treatments only offer modest response rates on limited cancer types. Therefore,
nanotechnology that has been widely applied in biomedical engineering is desired in the
cancer metastasis treatment. Inspired by the facts that integrin density, clustering, and
redistribution on cell surface are the key spatial features influencing cell motility, we
intend to develop a molecular self-assembly (MSA) technology that suppresses cancer
metastasis by regulating integrin spatial distribution. To achieve the goal, we designed
and synthesized a library of self-assembling integrin ligands composed of 29 peptides
made via conjugation of phenylalanine based hydrophobic peptide and various integrin
ligands. After confirming that they self-assemble in aqueous solution, we examined
these peptides in multiple cancer cell lines and screened out five peptides that exert
caner-cell-specific migration. We further examined peptide 5 among the 5 peptides
and observed the peptide shows inhibition on cancer invasion, spheroid growth and
spreading. We explored the molecular mechanism of the peptide on migration inhibition
and found the the self-assembly of the peptide forms nanostructured microdomain as
nano-biointerface on cancer cell membrane. We examined the molecular consequences
of the bio-nanointerface on mechanotransduction-related proteins, especially the Hippo
signaling related ones. Finally, the peptide is applied in xenograft tumor models in mice
to examine the efficacy of tumor suppression effect and the molecular consequences
in vivo. The research work presented in the thesis is intend to establish an easy
and practical strategy for anti-metastatic drug development, and illustrate how basic
biochemical insights can be exploited as the basis for a nano-biointerface fabrication
technology which links nanoscale protein activities to molecular biological activities to
suppress metastasis.
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Chapter 1
Introduction of integrin and
heparan sulfate in cancer
1.1

Integrin

Integrins are transmembrane receptors that facilitate cell-cell and cell-extracellular
matrix (ECM) interactions. Integrin was discovered in 1986 after cloning and sequencing the first complete subunit of the CSAT complex [1, 2]. Later, research on integrins
has been expanded. Integrin anchoring to ECM has been found to be essential for mediating cell adhesion, spreading, migration and proliferation, and which in turn regulates
dynamic physiological processes including embryonic development, tissue maintenance
and regeneration [3]. In addition, integrin-ECM interaction involves in mechanotransduction and numerous signaling pathways that implicate in disease progression including cancer development and metastasis [4–7]. In cancer research, integrins are
thus growing interest of therapeutic targets. It is therefore necessary to explore on
deep understanding on how integrin-ligand interaction regulates and facilitates cancer
development and progression [8] and to discover a cancer specific therapeutic agent
accordingly.

1.1.1

Integrin expression in cancer progression

The expression profile of integrins in cancer cells greatly involves in cancer progression including migration, invasion and metastasis. Cancer cells show differential
expression of integrins depending on the type of cancers during cancer progression
(Table 1.1). For instance, higher expression of integrin αvβ3 in pancreatic carcinoma
featured for lymph node metastasis [9]. Low expression of integrins also associates with
metastatic effect. Clinical studies showed that low expression of integrin α2 correlated
1

2

Introduction of integrin and heparan sulfate in cancer
Table 1.1: Integrin expression in cancer cells
Integrin
Expression
αvβ3
High
α2β1
Low
αvβ3, α5β1
High
α2β1
Low
α2β1, α5β1
High
αvβ3, α2β1, α4β1 High
α11β1
High

Cell
Pancreatic carcinoma
Breast cancer
Melanoma
Pancreatic ductal adenocarcinomas
Colorectal cancer cells
Bone stroma cells
Lung adenocarcinoma cells

Reference
[9]
[12]
[17]
[13]
[14]
[15]
[16]

with enhanced metastasis and reduced patient survival [10, 11]. Low expression of
integrin α2 in well-differentiated human breast carcinoma cells (T47D) increased cell
motility. But overexpression of this integrin in the poorly differentiated breast carcinoma cells restored normal epithelial cell morphogenesis and decreased cell spreading
and invasion [12]. Like as the breast cancer, high expression of integrin α2β1 suppressed
pancreatic ductal adenocarcinoma (PDAC) metastasis, while the low expression of the
integrin potentially increased tumour cell dissemination and developed chemoresistance
[13]. A hepatic microenvironment favored the expression of integrins α2β1 and α5β1
on colorectal cancer cells and that prompted metastasis to settle in the liver [14]. Integrins αvβ3, α2β1 and α4β1 high express caused bone metastasis in bone stroma cells
[15]. Overexpression of integrin α11β1 significantly enhanced the metastatic potential
of lung adenocarcinoma cells to bone, kidney, or brain [16]. Although, the expression
pattern of integrins relay on cancer types, but the altered expression bears characteristic feature has been used as a biomarker for cancer progression. Therefore, integrins
become therapeutic targets for cancer treatment.

1.1.2

Integrin structure and conformational change

Integrins are heterodimeric receptors consist of non-covalently bonded α and β
subunits, associate with single-pass transmembrane domains. There are 18 α and 8 β
subunits, and their combinations form 24 integrins [18, 19]. Both α and β subunits
contain a large extracellular domain, a membrane spanning domain; and a relatively
short cytoplasmic domain (Fig. 1.1A) [20, 21]. The extracellular domain is also known
as ectodomain and exposed for binding with ECM ligand. On the other hand, the
cytoplasmic domain binds with the cytoskeleton adaptor proteins such as talin, vinculin, paxillin and so on. The binding either from the ECM ligands or the cytoplasmic
adopter proteins can regulate integrin conformation [21–23].
ECM ligands include laminin, collagen, fibronectin, and others, which regulate nec-

1.1 Integrin

3

essary biological functions including migration upon binding to their receptors, integrins, a major class of surface receptors [18]. Each pair of these receptors can bind
to a specific or multiple ligands. Based on the evolutionary aspect with their binding
ligands, integrin receptors are of four classes, such as Arg-Gly-Asp (RDG) recognition receptors, collagen receptors, laminin receptors, and leucocyte-specific receptors
(Fig. 1.1B) [19, 24]. Upon binding to the ligand and subsequently the associated
proteins, integrins establish a dynamic signaling network to respond cells to their surrounding.
Integrins convey bi-directional inside-out and outside-in signalings by controlling
their conformational states. There are three conformational states, such as "bentclosed", "extended-close" and "extended-open" conformations, are globally adopted
(Fig. 1.1A) [22, 25–27]. The bent-closed conformation is formed by a cytoplasmic
salt bridge of integrins α and β subunits. This conformation is inactive and has no or
very low binding affinity. The inactive integrins present in the endoplasmic reticulum
of cells and probably keep the cells in a dormant condition [28]. The cytoskeleton
adopter proteins have been known to play important role for the activation of integrins
upon binding to the cytoplasmic β tail [29, 30]. This binding breaks the cytoplasmic
salt bridge activating the extended-close conformation which transduces the insideout signaling. The extended-close conformation facilitates binding with ECM ligands.
However, ECM ligand also binds to the ectodomain of the inactive conformation and
transforms it into the extended-close conformation. In the process of the signal transduction, the conformational change reaches the highest binding affinity state and forms
a stable extended-open conformation that links to down-stream targets of the signaling
for proceeding cellular function [21, 31, 32].

1.1.3

Integrin-mediated autonomous signalings

Ligand binding integrin activation triggers multiple signaling pathways are essential for cell migration. Altered regulation in these pathways associates with disease
progression including cancer cell migration and metastasis [7]. The mechanisms by
which integrin signals orchestrate cell migration are not well understood. However,
activation of integrin β subunit exerts downstream signaling through focal adhesion
kinase (FAK) that links to multiple signaling pathways (Fig. 1.2) [33]. For activation of these pathways, FAK phosphorylates that recruits SRC family kinases (SFKs)
leading to phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase
(MAPK) pathways. Similarly, FAK phosphorylation binds to growth-factor-receptorbound protein 2 (GRB2) [34]. GRB2 can also be activated by receptor tyrosine kinases

4
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Figure 1.1: Integrin structure and conformational change associated with bidirectional signaling. A) Cartoon representation of bent and upright conformations
with their domains. Ligand binding to integrin mediated conformational changes, and
their inside-out and outside-in signalings (modified from the references of [31, 32]).
B) Representation of 24 integrins and their ligand-based classes. Integrins are in the
dashed ovals have no I domain (modified from [19, 24]).

1.1 Integrin

5

(RTKs). The activated GRB2 leads to MAPK/extracellular-signal-regulated kinase
(ERK) signalings [6]. Certain integrins such as α5β1, α1β1, αvβ1 and αvβ3, their α
subunits connect to SFK and phosphorylate it [35]. By recruiting the adaptor SHC,
SFK combines with the downstream GRB2–SOS to activate ERK/MAPK signalings.
Integrin-mediatied Ras-ERK and PI3K-AKT signalings regulate a well known transcriptional co-activator, Yes-associated protein (YAP), a key oncoprotein of Hippo signaling [36]. YAP nuclear localization associates in cancer cell migration, invasion and
metastasis [33, 37, 38]. YAP hyperactivation has been identified as poor survival of
cancer patients including the patients with cervical carcinoma [39]. Moreover, patients
with ovarian cancers showed ∼ 50% lower 5 years survival rate [40]. The core signaling
of Hippo consists of an upstream kinase cascade MST1/2, together with its binding
partner Salvador 1 (Sav1), which phosphorylate and activate the tumour suppressor
LATS1/2. The phosphorylated form of LATS1/2 inhibits activation of YAP. Simultaneously, LATS phosphorylation promotes cytoplasmic YAP retention in corporation
with 14-3-3 protein [38]. Thereby YAP accumulation occurs in the cytoplasm which
subsequently reduces the transcriptional activity. Inactivation of the transcriptional
activity of YAP is thus an growing interest in cancer therapy.
In addition to the classical hippo kinase cascades, mechanotransduction may also
control YAP activity via filamentous actin (F-actin) binding protein angiomotin (AMOT),
which can sequester and prevent the nuclear translocation of YAP by physical binding
[4, 41, 42]. But, AMOT has been found to play a controversial role in cancer progression, which functions as an oncogene and a tumor suppressor depending on the cancer
types [43]. AMOT promoted proliferation and invasion of several cancer cells including
breast cancer, osteosarcoma, colon cancer, prostate cancer, head and neck squamous
cell carcinoma, cervical cancer, liver cancer, and renal cell cancer; but inhibited the
growth of glioblastoma, ovarian cancer, and lung cancer [43]. When AMOT was identified as an oncogene in breast cancer, obviously it’s up regulation enhanced cell proliferation and invasiveness by increasing nuclear YAP activity. Similarly, pro-proliferative
activity of AMOT in renal cell carcinoma was exhibited through accelerating nuclear
YAP activity [44]. In contrast to the oncogenic role, AMOT has recently been identified as a potential tumor suppressor of the Hippo signaling [45]. Deletion of AMOT in
polarized Madin-Darby canine kidney (MDCK) cells decreased YAP phosphorylation
at the tight junction but increased nuclear accumulation to activate transcriptional
activity [46]. The antineoplastic function of AMOT featured inhibition in the progression of lung carcinoma through YAP cytoplasmic retention [45]. Cancer treatment via
controlling transcriptional activity of YAP through AMOT has recently become a hot
research topic in Oncology.
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Figure 1.2: Integrin-mediated signal transduction. Integrin activation, clustering,
and autonomous signaling. Transmission of integrin signals predominantly through
the recruitment and activation of Src-family kinases (SFKs). Most integrins recruit
focal adhesion kinase (FAK) through their β subunits and transmit signals through
Ras-ERK and PI3K-AKT pathways as well as through Hippo pathway. The figure is
adopted from the reference of [33].
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Controlling of YAP activity through mechanotransduction known to be initiated by
integrin-ligand binding [33, 47–50]. Integrin β1 plays critical role in this process which
allows cells to respond to external stimuli. This response can be achieved through either
ligand-dependent or -independent manner [51]. However, upon ligand binding, integrin
recruits cytoskeleton protein that creates dynamic adhesion structures. The adhesion
structures can assemble and disassemble and thus vary in their protein composition
and mechanical properties [52]. Such properties of the focal adhesions (FAs) enable
direct force transmission to intracellular signalings [53, 54]. These signalings able to
control YAP activity through subcellular localization. YAP subcellular localization is
influenced by ligand properties. For example, soft ECM remodeled integrin-mediating
F-actin cytoskeleton caused YAP cytoplasmic translocation [4, 5, 55]. YAP is therefore
identified as a mechanical sensor and mediator instructed by the cellular microenvironment. But how mechanotransduction causes YAP relocation is yet to be discovered.

1.1.4

Integrin-targeting drug

For the advantages of ECM derived peptides and integrin binding affinity, binding
motif incorporating peptides and antibodies are the promising candidates for cancer
therapy. A variety of integrin-binding peptide and antibody drugs are being now in
clinical trials (Table 1.2). A small cyclic peptide c-[RGDf(NMe)V-], called as cilengitide (EMD-121974) was first discovered as an antagonist of integrin αvβ3 and αvβ5
[56]. Cilengitide reaches clinical trials as an anti-angiogenic compound for treating
glioblastoma patients [57]. Unfortunately, it fails to improve the overall survival of
the glioblastoma patients in a multicentric, randomized, open-label, controlled, phase
III clinical trial [58]. A non-RGD-based pentapeptide, ATN-161 (Ac-PHSCN-NH2)
derived from fibronectin, upon binding with integrin α5β1 and αvβ3 inhibited breast
tumor growth, angiogenesis, and metastasis in multiple animal models [59, 60]. In
mouse models of colon cancer metastasis to the liver, combination therapy of ATN-161
with fluorouracil significantly reduced tumour burden and liver metastases [61]. Phase
I clinical trail of ATN-161 showed a well tolerated and prolonged stable drug in patients
with advanced solid tumours [62].
Beside the peptide inhibitors, antibodies show alternative integrin binding ligands
for anticancer treatment. volociximab, known as M200, a chimeric monoclonal antibody against integrin α5β1 inhibited angiogenesis and obstructed solid tumor growth
[63, 64]. Volociximab is currently in Phase II clinical trial with platinum-resistant ovarian cancer patients [65]. Early results of volociximab on Phase II trial with metastatic
clear cell renal cell carcinoma (mCCRCC) baring patients showed potential drug ef-
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Table 1.2: Candidate integrin inhibitor for cancer therapy
Drug name
Type
Cilengitide
Peptide
ATN-161
Peptide
Volociximab
Chimeric antibody
Etaracizumab Humanized antibody
Intetumumab Human antibody

Target
αvβ3, αvβ5
α5β1
α5β1
αvβ3
αvβ3, αvβ5

Manufacturer
Reference
Merck KGaA
[56]
Attenuon LLC
[59, 60]
Protein Design Labs [63, 64]
Medimmune
[68]
Centocor
[70, 71]

ficacy [66, 67]. LM609, a mouse anti-human monoclonal antibody against integrin
αvβ3 displayed a considerable anti-angiogenic activity in preclinical models [68]. A
humanized version of etaracizumab (MEDI-522) from the LM609, was one of the first
integrin antagonists introduced into clinical trials. MEDI-522 alone and together with
abegrin exhibited prolong survival in patients with advanced metastatic melanoma
and prostate cancer of phase II trials [69]. A human integrin αv specific monoclonal
antibody, intetumumab (CNTO-95) targeting both integrin αvβ3 and αvβ5 showed
potent antitumor and antiangiogenic effects in xenograft tumor models [70, 71]. Several prospective Phase II trials of CNTO-95 alone and in combination with dacarbazine
in stage IV melanomain patients demonstrated efficacious results. These drugs were
thus suggested for further investigation in the advanced melanoma treatment [72].

1.2

Heparan sulfate proteoglycans (HSPGs)

Resembling integrins, heparan sulfate proteoglycans (HSPGs) are abundant components present in the cell membrane and ECM. HSPGs comprise of one or more heparan
sulfate (HS) chain attached to the core protein [73]. Syndecans and glypicans are the
two main classes of membrane-anchored HSPGs [74]. The core protein of syndecans
is composed of an extracellular domain, a single transmembrane domain, and a short
cytoplasmic domain (Fig. 1.3). The transmembrane domain of syndecans is inserted
into plasmamembrane for mediating cell-ECM interaction, while glypicans link by a
glycosylphosphatidylinositol (GPI) anchor [74–76].
HSPGs as signaling co-receptors bind via their HS chains to various ligands and
promote interactions with cognate receptors. Fibroblast growth factor (FGF) was fist
molecule binds to HS [78, 79]. Besides FGF, HSPGs bind to cytokines, chemokines
and morphogens preventing their degradation and creating temporary storage sites, as
well as endocytosis regulating the lysosomal degradation of ECM molecules and providing nutrients to cells. Moreover, SH chain of HSPGs can bind several ECM proteins
including fibronectin, laminins, vitronectin, thrombospondin, and some fibrillar colla-
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Figure 1.3: A representative of HSPG, syndecan 4 structure and it’s potential functions. A) A schematic representation of a syndecan with domains and their interactions
with other molecules. B) Amino acid sequence of the cytoplamsic domain of syndecan
4 variable domain. The figure is adopted from the reference of [77].
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gens that facilitate cell-ECM adhesion, cell-cell interactions, and cell motility, together
with integrins [80]. HSPGs have been known to work as a pertnership with integrins
through lateral interactions of FA formation [81]. Syndecan 4, a member of syndecan
family, formed FA together with integrin α5β1 on fibronectin substrate, which influenced cell adhesion [81, 82]. In corporation with integrin and ligand, HSPGs mediate
a mechanical and functional link between the ECM and the actin cytoskeleton.

1.2.1

HSPG expression in tumor metastasis

HSPGs with their altered expression are indicators for a number of diseases including cancers [73]. High expression of HSPGs correlates with metastatic behavior of the
cancers. Highly metastatic colorectal cancer cells overexpressed syndecan 2 simultaneously with activated integrin α2β1 signaling [83, 84]. But an overexpression and
knock-down study demonstrated that syndecan 1, but not syndecan 2 or 4, enhanced
binding of integrin α2β1 to collagen for cell spreading [85]. High expression level of syndecan 4 occurred in osteosarcoma leading to an aggressive phenotype [86]. Syndecan 1
and 4 clustering with integrin α2β1 in K-Ras mutated cells promoted cell invasion and
metastasis [87]. Knockdown experiments show syndecan 1 and integrin β1 signaling
significantly decreased protease activity results in reduction of malignancy in salivary
gland tumors [88]. Furthermore, the mitogenic activity of syndecan 1 and glypican
1 in pancreatic cancer cells promoted metastasis in mouse models and high expression of these HSPGs associated with increased metastasis in patients [89]. Due to the
association in the cancer development and progression, HSPGs has become potential
therapeutic targets [90].

1.3

Molecular self-assembly in cancer therapy

Molecular self-assembly is a spontaneous formation process of highly ordered structures are gaining attention in cancer therapy [91]. The self-assembled structures can be
a protein or a very small peptide. Such structures are mainly driven force of hydrogen
bonding, hydrophobic interactions, electrostatic interactions, and van der Waals forces
[92]. Several internal and external controlling factors can impact the self-assembling
process of the peptides. These factors include the amino acid sequence, concentration
of the peptide, pH of the solution, the ionic strength, the temperature, the medium
composition, the presence of denaturation agents and enzyme [93]. Such driving forces
and factors can construct diverse self-assembling structures including vesicles, micelles,
nanotubes and fibers [94–97]. These structures are formulated with antibodies, pep-
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tides, glycans, and carbon, which confer controlled release, stability, and targeting, and
avoiding side effects of drugs. Due to these benefits, molecular self-assembly offers an
alternative approach over the conventional chemotherapy.
Due to biocompatibility, proteins and peptides are good carrier for drug delivery. The Food and Drug Administration (FDA) has recently approved abraxane, a
nanomedicine encapsulates the anticancer drug paclitaxel in albumin protein nanoparticles for treating metastatic breast cancer (US Food and Drugs Administration. Drug
Approval Package. https://www.accessdata.fda.gov/drugsatfda-docs/nda/2005 /21660AbraxaneTOC.cfm). Other small molecular anticancer drugs such as doxorubicin, 10hydroxycamptothecin, and methotrexate were also used to fabricate nanomedicines
with albumin [98–100]. Besides albumin, a synthetic peptide, RADA16-x was used to
control release of paclitaxel displaying effective inhibition of the growth of a breast cancer cell line [101]. Ellipticine, a hydrophobic anticancer drug in EAK-16II suspension
showed better anticancer drug activity against A549 and MCF-7 cancer cell lines [102].
An encapsulation of doxorubicin and paclitaxel in polylactide (PLA) and V6K2 enhanced tumor toxicity due to the slow release of the chemotherapy drugs [103]. Owing
to the biocompatible nature of self-assembly materials, they enhance the effectiveness
of current cancer therapies.
Besides the success application in conjugation of drugs with biocompatible proteins,
self-assembled peptides can be used as drugs themselvess. Self-assembling peptides
comprise monomers of short amino acid sequences or repeated amino acid sequences
that assemble into nanostructures. Peptide assemblies show distinctive physicochemical and biochemical activities, depending on their morphology, size, and accessibility of the reactive surface. These peptide drugs contain target binding motifs link
with a hydrophobic chain or with small self-assembling motif. For example, Nap-FF
(naphthalene-diphenylalanine) forming nanofibers inhibited the growth of glioblastoma
cells without detrimental effects to neuronal cells [104].

1.3.1

Intracellular molecular self-assembly

Cells are an unprecedented device continuously form self-assemblies of proteins
through chemical or physical stimuli for spatiotemporally regulating diverse cellular
functions. This inspires scientists to discover enzyme instructed intracellular selfassembly (EISA) procedure. In this process, the enzyme changes the molecular structure of precursor from soluble hydrophilic to self-assembling units to form orderedstructure within the cell and which induce cellular dysfunction. Gao et al. (2012) developed a dipeptidic precursor NapFFKYp upon incubation with HeLa cells known to ex-
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press esterases induced formation of a hydrogel consisting of nanofibers and caused cell
death [105]. To explore the location of the self-assembly formation inside the cells, a fluorescent molecule NBD containing NapFFK(NBD)Yp was identified in the endoplasmic
reticulum (ER) inside live cells. Another small peptide N-hydroxylethyl self-assemblyed
inside cancer cells to regulate the ER stress apoptosis [106]. A taurine-modified
polypyridyl Ru-complex was shown to have optimized intracellular affinity in cancer
cells through accumulation in lysosomes [107]. Apart from the enzymatic triggering
self-assembly, a specific cellular organelle localization induces molecular self-assembly
by increasing local concentration of the self-assembling molecules. A microtubule targeting small hydrophobic peptide Nap-FF self-assembled and formed nanofibers that
disrupted the dynamics of microtubules and caused apoptosis of glioblastoma cells
[108]. Jeena et al. (2017) synthesized a mitochondria-accumulating amphiphilic peptide, Mito-FF congugated with tripeptide FFK moiety forming β-sheet nanofibers. The
Mito-FF showed selective accumulation inside mitochondria and reached the critical
aggregation concentration to form a fibrous nanostructure and induced mitochondrial
dysfunction via membrane disruption, and caused apoptosis [109]. The self-assemble
man-made small molecules can thus be used as promising target-basis cancer therapeutics.

1.3.2

Pericellular molecular self-assembly

Besides intracellular self-assembly, pericellular molecular self-assembly has emerged
another target-based drug design platform for cancer therapy. The self-assembly formation in this treatment can be triggered by EISA or receptor-ligand interaction. For
EISA, alkaline phosphatase (ALP) is a powerful EISA tool cells recruit for dephosphorylation of phosphate containing precursor. For instance, a naphthalene-capped
phosphotyrosine tripeptide, Nap-FFYp was dephosphorylated by alkaline phosphatase
(ALP) to Nap-FFY that self-assembled into nanofibers. ALP overexpressed HeLa25
cells displayed the fibrous nanonets on the cell surface while treated with Nap-FFYp
and this led to the formation of visible hydrogel around the cells and caused apoptosis
through blocking the mass exchange [110]. Furthermore, a series of structural analogues
of the Nap-FFY with one or two tyrosine phosphorylated precursors showed cancer specific toxicity but the toxicity effects varied [111]. This difference was caused by the rates
of forming the corresponding hydrogelators from mono and di-phosphorylated precursors upon APL catalyzation. APL could catalyzed mono-phosphorylated precursor
faster than from the di-phosphorylated precursors because the di-phosphorylated precursors required dephosphorylation twice that might generates self-assembling slowly.
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For this reason, di-phosphorylated precursors exhibited higher inhibition efficacy on
cancer cells. Another enzyme, a non-specific alkaline phosphatase (TNAP) was expressed by Saos-2 and Hep G2 cells dephosphorylated NBD-2p and NBD-1p into NBD
self-assembled to form pericellular nanofibers [111]. Besides enzymatic reaction, ligandreceptor interaction modulates self-assembly formation. Shi et al. (2016) demonstrated
that a d-form AA derivative small molecule, acts as a receptor was bound by its ligand
vancomycin and this interaction catalyzed the aggregation formation in water [112].
The adhesion of the resulting aggregates to the cell surface induced cell necroptosis.
Similarly an analog of the d-form AA, which as Nap-FFYGGAA formed precipitous
aggregates containing short nanofibers with vancomycin [104]. Therefore, pericellular molecular self-assembly becomes a promising multiple-step and kinetic process for
selectively killing the cancer calls.

1.4

Challenge in integrin targeting drug develop-

ment
Chemotherapy in conventional cancer treatment is not only targeted to cancer cells,
but also affects normal cells through unspecific binding causing side effects, which fail
the treatment. Target-based drugs are thus demanding, which can optimize the side
effects arising from the unspecific binding. But the design of target-based small molecular drug is a challenging task. To overcome the unspecific binding, a particular cancer
biomarker can be a selective target-based therapy. Cell surface receptors, integrins have
been known as cancer biomarkers, which are pertinent to the cancer hallmarks, such
as the abilities to sustain proliferative signaling, to evade growth suppressors, to resist to cell death, to enable replicative immortality, to induce angiogenesis, to activate
invasion and metastasis, to reprogram the energy metabolism and to cause immune
destruction [113–115]. Therefore, integrins are well-recognized potential therapeutic
targets to disrupt the hallmarks [115, 116].
For modulating the hallmarks, integrin-targeting ligands are showing growing trend
of potential therapeutics mentioned in the Table 1.2. Because of the integrin-ECM interaction for mediating cellular functions, the ECM components have been found to
be a source of integrin-targeting ligands. For instance, cyclic RGD of cilengitide found
in several ECM components functions as an antagonist of integrins αvβ3 and αvβ5
for treating glioblastoma patients [56, 57]. Another drug, ATN-161 (Ac-PHSCN-NH2)
derived from fibronectin binds to integrins α5β1 and αvβ3 and decreases breast tumor growth, angiogenesis, and metastasis in multiple animal models [59, 60]. The
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integrin-targeting motifs of the ECM molecules are thus inspiring therapeutic candidates with optimistic side effects due to the binding selectivity. Nevertheless, they
require modification to fictionalize for their target receptors. Upon functionalization,
integrin-targeting ligands could be used as potential anti-cancer therapeutics.

Chapter 2
Design and synthesis of
self-assembling integrin ligands
2.1
2.1.1

Introduction
Molecular self-assembly (MSA)

Molecular self-assembly (MSA) is a spontaneous process of forming stable, welldefined structures under favorable condition (pH, solvents, coassembling molecules,
and temperature) through non-covalent interactions (hydrogen bonding, hydrophobic
interactions, electrostatic interactions, and van der Waals forces) [91, 92]. This process
is ubiquitous in biological systems, which results in the formation of a variety of complex
molecules such as proteins, antibiotics found in nature [117]. These natural complex
evidences inspire us to build similar artificial substances by using the building blocks
of life, such as amino acids. The amino acid building blocks possess amazing selfassembling ability allowing for the necessary control of bioactive architectures with
adjustable size, shape and surface property. Practically, MSA is employed to produce
a variety of usefull nanostuctures. Simply, MSA is an emerging and powerful tool in
the synthesis of functional nanoscale structures.

2.1.2

Self-assembly building blocks

Self-assembly building blocks are constituted from amino acids, synthetic motifs, as
well as by modification. Based on the characteristic property, the building blocks can be
dipeptides, surfactant-like peptides, peptide amphiphiles with an alkyl group, bolaamphiphilic peptides, ionic-complementary self-assembling peptides and cyclic peptides
mentioned in the review [93]. However, research on self-assembly uncovers simple but
15
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effective building blocks with highly potent diverse nanostructures.
Peptide amphiphiles: Stupps’ group synthesized a broad range of amphiphilic
molecules for creating self-assembling biomaterials [118]. This class of amphiphilic
molecules are called as peptide amphiphiles (PAs). PAs contain four parts; a hydrophobic tail, in most cases a long alkyl chain, a β-sheet forming region with uncharged
peptide sequence that enables in the formation of intermolecular hydrogen bonding, a
charged peptide fragment for enhancing solubility in water and maintaining pH and
salt-responsive nanostructures and networks, and a bioactive epitope for interaction
with cells and proteins [118]. All parts together keep balance hydrophilicity and hydrophobicity in a structure. An example of such nanostructure is IKVAV-PA consisting
of all four key structural features [119]. In aqueous media, IKVAV-PA self-assembles
into several nm long nanofibers with the bioactive epitopes on their surfaces at van der
Waals packing distances [120]. Though the amphiphiles possess great self-assembly
property, they are long sequences in terms of numbers of building block.
Synthetic hydrophobic motifs: Synthetic hydrophobic motifs such as Nap (naphthalen), Boc (tert-butoxycarbonyl) and Fmoc (fluorenylmethoxycarbonyl) are good replacement to reduce the lengthe of self-assembly sequence due to their strong aromaticaromatic interaction that improves gelation property [104, 121, 122]. For example,
Fmoc-GRDS showed β-sheet formation via π-π interaction of the hydrophobic group
[123]. A Nap-FF self-assembled into nanofibers known to induce apoptosis to glioblastoma cells through disrupting microtubule [104, 108].
Phenylalanine: Single F containing tripeptides such as KYF and DFY selfassembled into stable hydrogels [124, 125]. The FF in Amyloid β peptides was discovered a core self-assembling sequence of all amyloid class proteins [121, 126, 127].
The FF and FFF self-assembling building blocks are found to be extremely versatile and their small modifications can generate a variety of secondary structures, such
as nanotubes, spherical vesicles, nanofibrils and nanoribbons, nanowires and ordered
molecular chains [128–133].
Cyclization: Self-assembly functionality can also be achieved through peptide
cyclization, which can easily form cylindrical nanostructures. Jeong designed hybrid
cyclic chameleon peptides (cyc-RCP-30, cyc-RCP-15) comprised of target motif, linker
and α helical segment formed stable α-helical structures [134]. A d-form cyclic octapeptide subunits cyclo[-(AEAQ)2-)] was reported by Ghadiri et al. (1993) [135].
This peptide forms hollow tube through stacking ring-shaped subunits. In the next
year, Ghadiri synthesized another d-form cyclic decapeptide (WDL)4-EL that formed
similar hollow nanotubes [136]. These kind of nanotubes are used as carries for drug
delivery [137].
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ECM proteins are the store house of biofunctional peptides and they have binding specificity to the cell surface receptors, integrins. Due to their binding specificity,
ECM-derived peptide-based small molecules possess great potency in cancer therapy
[122]. For instance, RGD containing cilengitide (EMD 121974) upon binding to integrin αvβ3 and αvβ5 inhibited the growth and metastasis of lung and prostate cancers,
and glioblastoma [56, 138–140]. A laminin-derived sequence IKVAV comprising of
self-assembling peptide amphiphile (PA) reduced glioblastoma multiforme tumor by
interfering interaction between integrin α6β1 and laminin [141]. Another sequence
YIGSR derived from laminin β1 chain, with conjugated in metrigel inhibited small cell
lung cancer (SCLC) cell adhesion, migration and tumour growth [142]. Significant inhibition of tumor metastasis occurred after treatment with polymerized and polyethylene
glycol (PEG)-conjugated YIGSR [143, 144]. A multimeric form of YIGSR was a potent
inhibitor against melanoma cell growth and metastasis [145]. This multimeric peptide
also inhibited apoptosis of fibrosarcoma cells [146]. In cancer biology, the ECM-derived
peptides are thus growing interest as potent anti-cancer candidates.

2.1.4

Integrin ligand synthesis based on Fmoc-SPPS principle

Solid phase peptide synthesis (SPPS) is the most widely used method for the synthesis of many therapeutic peptides [147]. In this technique, the peptide sequence is
grown, step-by-step, on an insoluble polymeric resin through the sequential addition
of individual amino acids via amide bond formation. Moreover, the SPPS technique
reduces synthesis cost of simple peptides due to the straight forward, simple synthesis
strategy. Approximately 70 peptide drugs synthesized by SPPS-based strategy have
been approved by the US Food and Drug Administration (FDA) and reached the medicinal market [148]. In addition, approximately 150 peptides are currently in clinical and
more than 450 peptides are in preclinical trials [149]. The peptide candidates are exemplifying the significance of SPPS principle and the demand of SPPS-based synthetic
peptides for various medical application.

2.1.5

Self-assembly hydrogels

The consequence of self-assembly of peptide molecules is the formation of hydrogel and is mainly governed by noncovelant interactions, such as hydrogen bonding,
hydrophobic, electrostatic and van der Waals interactions, and π-π stacking [91]. A
hydrogel contains over 95% immobilized water molecules formed from hydrophobic
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interaction of peptide monomers [150]. Non-polar, aliphatic amino acids, such as alanine, leucine and valine mainly contributes for hydrophobic interaction, whereas, polar amino acids provide hydrogen bonding and electrostatic interaction, and aromatic
amino acids favor π-π stacking [151]. Either an individual driving or multiple driving
forces is considered while designing peptides to produce a stable self-assemble materials. For instance, NapFF and its derivatives are self-assembled mainly by π-π stacking
of Nap and Fs [152]. Such driving forces produce some characteristic features, such as
softness, flexible, rigid, and hardness into the hydrogels [122].
Hydrogel formation is driven by environmental stimuli, such as sonication, incubation time, pH, light, temperature, ionic strength, and solvent polarity [118]. For
instance, sonication was required to facilitate hydrogel formation of an ultrashort peptide sequence LIVAG containing head group D, E, K, S, and T [153]. Incubation time is
also another induction factor in the formulation of hydrogel. The myristic acid containing dipeptide MAA showed transparent to turbid gel while increasing incubation time
from 2 h to 2 days [154]. For some cases, pH of the solvent greatly influences hydrogel
formulation. The peptide sequence GSFSIQYTYHV exits in human semenogelin I was
formed hydrogel in pure water between pH 6 and 10, but formed viscous in the pH
in between 3 and 4 [155]. A poly N-isopropylacrylamide containing RGD was formed
hydrogel by heating from 22 o C to 37 o C [156]. Some hydrogel formulation may require
a combination of two or more factors.

2.1.6

Secondary structures of synthetic hydrogels

Secondary structures in the peptide hydrogels are usually form α-helices or βsheets. The α-helices are formed by alternating hydrophilic and hydrophobic amino
acid residues with a periodicity of 3.6 amino acids per turn, and thus they require
long peptide sequence [157]. Certain residues such as Ala (A), Glu (E), Lys (L), and
Gln (Q) contribute in the formation of α-helices. The first α-helix peptide sequence
was a three repeats of Leu-Glu-Thr-Leu-Ala-Lys-Ala (LETLAKA), which was produced by gene engineering using Escherichia coli [157]. Another example of α-helix is
QLAREL(QQLAREL)4 sequence with incorporation of N-terminal RGD promotes cell
adhesion [158].
On the other hand, β-sheet structures are mainly formed by ionic self-complementary
residues based on alternate deposition of hydrophobic residues such as, Ala (A), Ile (I),
or Phe (F) and hydrophilic residues with positive charge such as, Lys (L) or Arg
(R) or negative charge such as, Asp (D) or Glu (E) [159, 160]. The opposite charge
residues complement together to form nanofibers. RADA and similar sequences such
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as Ac-(RARADADA)2-CONH2 and Ac-(RADA)4-CONH2 form β-sheets, where their
charged side groups orient on one side and hydrophobic groups are on other side exhibited to enhance wound healing, cell culture, and synapse growth [161, 162].

2.1.7

General properties of hydrogel

In aqueous solution, self-assembling molecules form hydrogels resulting from the formation of three-dimensional networks of nanostructures which comprise characteristic
properties relevant to biomedical application. Self-assembly driving through inter and
intra-molecular forces produces highly ordered, functional nanostructures with physical
and mechanical properties [91]. For new biomaterials, it is important to characterize
the properties, so that the appropriate application field can be determined.
Physical property: Nanostructures are the specific configuration of the different
monomers vary in a lot both in shape and size. Incorporation of all favorable thermodynamic environment and driving forces produce different types of self-assembled
structures. These structures include nanofibers, nanotubes and nanoribbon/sheet.
Various peptide combinations have shown to self-assemble into nanofiber-like structures. The most well-known structure among these is undoubtedly the amyloid fibrils
[121, 126, 127]. Nap-FF backbone with serine and tyrosine phosphates such as L-pS,
D-pS, L-pSpY, D-pSpY, L-pYpS and D-pYpS precursors tranform nanofibers upon
enzymatic reaction [163].
Nanotubes are physically similar to nanofibers but are hollow. They are usually
fromed from the cyclic peptides/molecules through packing of monomers. A d-form
cyclic octapeptide cyclo[-(AEAQ)2-)] forms hollow tube through stacking ring-shaped
subunits [135]. Following the similar stacking mechanism, the d-form cyclic decapeptide
(WL)4-QL selfassembles into nanotubes used for transporting the antitumor drug 5fluorouracil [136, 137].
Peptide nanotapes are formed from the stacking of peptide beta sheets. Glycine
(G) substituted Fmoc-GG and Fmoc-GF peptides form ribbon/tape-like structures by
a combination of the hydrophobic and π-π interactions of the Fmoc explaining that the
G significantly impacts on the mode of self-assembly, because F substituted Fmoc-FF
and Fmoc-FG peptides self-assemble into nanofibers [164].
Mechanical property: In aqueous media, these nanostructures are used to produce functional biomaterials that possess mechanical property. The mechanical property can be hard, soft, elastic, viscoelastic. These properties have been found to have
important medical application. For example, hydrogels with solid-like property are
used as a scaffold for cell growth, adhesion and migration, while liquid-like hydrogels
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are suitable materials for indictable therapeutics [165–167]. Liminin-derived bioactive
epitopes such as IKVAV and IKLLI covalently grafted with peptide amphiphiles (PA)
having solid-like property showed to promote neurite outgrowth [168]. A Fmoc-FF
with or without sodium alginate (SA) self-assembled into rigid hydrogels enhanced cell
proliferation in vitro [169]. Fmoc-based hydrogels containing at least one additional
aromatic residue showed remarkable gelation ability with phase transition viscoelastic
property [170]. The diversified morphologies of the FF peptide have potential usage for
various biological applications including intracellular-delivery. The cationic dipeptide
based stiff nanotubes are used in gene and drug delivery carries [171].
In this project, F is selected as a self-assembling building block due to it’s remarkable self-assembling property. Single or multiple F was added into the N terminal of
the functional motif sequences selected from the ECM components. SPPS technique
was implemented for synthesizing a library of 29 peptides. Based on the charge of the
amino acid residues of the functional motifs, the synthesized peptides are divided into
a positive charge, a negative charge and a neutral groups. For evaluation MSA of the
peptides, gelation test was conducted. The results of the gelation test reveal that the
peptide having F(s) form hydrogels with solid-like property. CD and TEM showed that
the hydrogels content β-sheets with diverse morphologies such as nanofibers, twisted
nanofibers nanoribbons/tapes and glass like nanostructures.

2.2

Materials and methods

Materials
All Fmoc-amino acids and resin used in the peptide synthesis were purchased from
GL Biochem (Shanghai) Ltd. China. The reagents, such as DIPEA, HBTU, NMP,
NMM and TFA and solvents, such as DCM, MeOH, acetone, diethyl ether and acetonitrile, were purchased from Sigma, Nakalai and WAKO (Japan). The chemicals
were molecular grade and used without further purification.
Instruments
Peptides were synthesized on a peptide synthesizer (Intavis Bioanalytical Instruments). Mass spectra were rescored using a Thermo LTQ-ETD mass spectrometer
(ESI). Purity of the peptides was checked on a SHIMADZU LC30AD HPLC. 1H, 13C,
carbon DEPT 135 and DEPT 90 NMR spectra were taken on a JEOL 600 (600, 150
MHz) spectrometer. TEM images were obtained using a JEM-1230R Transmission
Electron Microscope. CD spectra were generated on a Spectrophotometer JASCO J-
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820 (Jasco, Tokyo, Japan). The rheology data were collected using an Anton-Paar
MCR302 Rheometer.
Peptide synthesis
The peptides were synthesized in-house based on the standard Fmoc-SPPS synthesis principle [172]. The synthesis was carried out both by manually and using a
Microfractionation HTS PAL-Michrom Pump peptide synthesizer. First, amino acid
residue was manually coupled to the resin followed by adding subsequent residues using the peptide synthesizer. Manual experiment was conducted in a 50 mL reactor
under N2 condition. For solid support, 2 mmol of 2-chlorotritylchloride resin (0.63
mg) was used directly without any linker molecule [173]. The resin was swollen in two
volumes of DCM for 30 min and washed with DMF for three times. Six mmol of Fmoc
protected amino acid (three times of resin in mmol) and twelve times of DIPEA (six
times of resin in mmol) were dissolved in 30 mL of DMF and this mixture was added
to the resin. The reaction was run for 20 min and washed with DMF for three times.
A mixture of DIPEA/MeOH/DCM (5/15/80) solution was added and reacted for 10
min twice to protect the unreacted resin molecules. The reaction mixture was again
washed with DMF to remove the uncoupling reagents. This reaction mixture was used
for the rest of the coupling steps done by Dr. Michael Roy, an Analytical instrument
specialist of OIST, using a peptide synthesizer (Intavis Bioanalytical Instruments). In
this case, 4 times of an amino acid of NMM (0.264 µL, 24 mmol) and NMP (0.232 µL,
24 mmol) were used as bases and equal volume of an amino acid of HBTU (2.27 g, 6
mmol) was as an activator of the carboxylic group of the subsequent amino acid. The
Fmoc protecting group of the amino acid was removed with a 20% piperidine solution
in DMF. A CapMixture of acetic anhydride solution was used to improve the stability
of the side chain protected groups. Every coupling step was washed with DMF solution
for three times. After obtaining the desired length, the peptides from the resin and
side protected groups were cleaved with a solution of 95% TFA in water. The resulting
peptides were precipitated by cold ether. The precipitation was centrifuged and the upper ether layer was removed. The process was repeated 3 times to remove the reagents
dissolved in ether. The precipitant was vacuum dried followed by lyophilized. The TFA
in the dried powder was removed by dissolving in 0.1% acetic acid and freeze-dried.
Acetic acid was removed with water and freeze-dried. These processes were repeated
3 times. The final products were obtained as white powders.
Amino acids used in this project are listed here: Fmoc-Ala-OH (1.87 g), FmocAsp(OtBu)-OH (2.47 g), Fmoc-Glu(OtBu)-OH (2.55 g), Fmoc-Phe-OH (2.32 g), FmocGly-OH (1.78 g), Fmoc-His(Trt)-OH (3.72 g), Fmoc-Ile-OH (2.12 g), Fmoc-Lys(Boc)-
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OH (2.81 g), Fmoc-Leu-OH (2.12 g), Fmoc-Met-OH (2.23 g), Fmoc-Asn(Trt)-OH (3.58
g), Fmoc-Pro-OH (2.02 g), Fmoc-Arg(Pbf)-OH (3.89 g), Fmoc-Ser(tBu)-OH (2.30 g),
Fmoc-Val-OH (2.04 g) and Fmoc-Tyr(tBu)-OH (2.76 g).
Mass spectrometry
Mass spectra of the peptides were recorded using a Thermo Orbitrap Fusion-OMICS
mass spectrometer (ESI-MS) (Thermo Fisher Scientific). For mass analysis, peptide
(around µg) was dissolved in water and sonicated. Later, this solution was diluted with
50% MeOH and was used for mass spectrometry. Positive ion mode was applied to
obtain the mass spectra of the peptides.
Nuclear magnetic resonance spectroscopy (NMR)
NMR spectra were recorded using JEOL 600 MHz and Bruker 400 MHz NMR
machines. NMR samples were prepared in deprotonated DMSO and water. 1 H NMR,
13
C NMR, carbon DEPT 135 and DEPT 90 degrees experiments were performed to
confirm the molecular structures of the peptides.
High performance liquid chromatography (HPLC)
HPLC was carried out on an SHIMADZU LC30AD HPLC system in order estimate
the purity of the peptides. In the HPLC system, two types of solvent assigned as ’A’ for
milliQ water and ’B’ for MilliQ water:acetonitrile (10:90) were mixed at different ratio
during the run based on the peptide properties. For some peptides, such as peptide 1,
2, 13, 14, 21 and 22, HypersilGold ODS (150 x 2.1 mm) column was used with the
solvent gradient of 10% B in 0.0 – 2.0 min, 10 – 95% B in 2.0 – 6.0 min, holding 95%
B in 6.0 – 8.0 min and equilibration 10% B in 8.1 – 12.0 min. ODS column (50 x 0.18
mm, 3.0 mm) with the gradient of 18 – 45% B for 8.0 min was used for peptide 17, 18,
19, 20, 24 and 25. The purity of peptide 3, 4, 6, 7, 11, 12, 26 and 27 was estimated
using an Ascentics ODS (150 x 2.1 mm; 2.7 µm) column with the gradient of 10% B
in 0.0 – 2.0 min, 10 – 50% B in 2.0 – 8.0 min, holding 50% B in 8.0 – 9.0 min, washing
95% B in 9.1 – 11.0 and equilibration 10% B in 11.1 – 15.0 min. The same Ascentics
ODS column but different solvent gradient of 18% B in 0.0 – 2.0 min, 18 – 45% B in
2.0 – 8.0 min, washing 95% B in 8.1 – 10.0 min and equilibration 18% B in 10.1 – 15.0
min was applied for peptide 7, 8, 9 and 10. Peptide 15, 16 and 29 were run using
the same Ascentics column with the gradient system of 10% B in 0.0 – 2.0 min, 10 –
45% B in 2.0 – 6.0 min, holding 45% B in 6.0 – 8.0 min, 45 – 100% B in 8.0 – 12.0
min, holding 100% B in 12.0 – 14.0 min and equilibration 10% B in 14.1 – 18.0 min.
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However, in all cases, both A and B solvents contained 0.1% TFA. All peptides were
detected at 230 nm wavelength with a flow rate at 0.3 mL/min. The injection volume
of the peptides was 10 µL of 10 mg/mL concentration.
Gelation test
Gelation test was conducted to evaluate the MSA property of the synthesized peptides through hydrogel formation. Hydrogels of the peptides were prepared in PBS
buffer at pH 7.4 with different concentrations. The concentrations of F containing
peptides 2, 4, 5, 6, 8, 9, 10, 12, 14, 16, 18, 20, 22, 23, 25, 27 and 29 were 5, 8
and 10 mg/mL. Whereas, peptides without F such as peptides 1, 3, 7, 11, 13, 15,
17, 19, 21, 21, 24, 24, 26 and 28 were prepared at a maximum concentration of 10
mg/mL. For preparing the hydrogels, a desired amount of the peptides were weighed
and dissolved in PBS buffer. Peptide 2, 22 and 26 required pH tuning. The pH of
these peptides was increased to 9 with 1N NaOH. After dissolving into the buffer, the
pH was returned to the original value with 1N HCl. Sonication was applied to dissolve
the peptides. The peptide solutions were incubated overnight at room temperature
[152].
Circular Dichroism (CD) spectroscopy
CD spectroscopy was carried out for predicting the secondary structures formed
by self-assembled molecules. For predicting the secondary structures, CD spectra of
the peptide hydrogels and solution were conducted on a Spectrophotometer JASCO
J-820 (Jasco, Tokyo, Japan) under nitrogen atmosphere. A 0.5 mm path length Quartz
cell was used which holds approximately 200 µL sample. The samples were run with
a continuous scanning mode of 500 nm/min speed and 0.2 nm data pitch. The CD
spectra were generated within 190 to 300 nm wavelength. Each sample was scanned 3
times. Triplicate scans were averaged and smoothed.
Transmission electron microscopy (TEM)
The morphology of the self-assembled fibers of the peptide hydrogels was observed
by using a TEM (TEM-1230R JEOL). For TEM, samples were prepared on carboncoated copper grids with negative staining. The grids (No. 400) were glow discharged
for 60 s. The grids were gently touched to the gels, while for sol-gel type or suspension,
10 µL droplets were taken on the grids. After waiting 30 s, the excess water was removed
from the grid using a piece of tissue paper. The grid was washed with deionized water
for 3 times and the excess water was blotted away and dried for 10 s. The samples were
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stained with a 1% uranyl acetate solution for 10 s. The excess uranyl acetate solution
was removed using a piece of tissue paper and dried for another 10 s. The sample was
taken in a sample holder and then placed inside the TEM. TEM was operated at 100
KeV for capturing images.
Rheology
The secondary structures of hydrogels possess mechanical properties are important
to judge feasibility of a hydrogel for a specific biological application [167, 174]. A
primary experimental method to explore the mechnical properties of these hydrogels is
rheology. Through rheology analysis, a hydrogel can be categorized as a solid or liquid,
which are measured by storage (G’) and loss (G”) moduli of a dynamic frequency sweep
profile. When G’ modulus is higher than G”, the hydrogel is solid-like. On the contrary,
liquid-like hydrogels show lower G’ than G” [175]. To access the mechanical proeprty
of the peptide hydrogels, rheology experiment was conducted using an Anton-Paar
MCR302 Rheometer at 25 o C. Parallel-plate geometry with an upper plate diameter
of 25 mm was used. The gap between the plate and the stage was set to 0.105 mm.
The peptide gels loaded by spatula and solutions by pipette onto the stage. Optical
images of the gels and solutions were captured. The moving profile was set in the 2viscoelastic mode. Dynamic strain sweep was performed within 0.01−200% strain with
ramp logarithmic profile for 30 data points. The strain of maximum storage modulus in
the linear range was picked for the frequency sweep test. The angular frequency sweep
was run from 0.1 − 100 rad/s with 20 data points. The storage modulus (G’) and
loss modulus (G”) ware plotted with respect to dynamic strain sweep and oscillatory
frequency sweep on the logarithmic scale.

2.3
2.3.1

Results and discussion
Design and construction of peptide library for integrin-

targeting self-assembly (peptides 1-29)
ECM proteins are rich sources of natural drugs. The biofunctional motifs of the
ECM proteins are very specific for binding to their receptors for proceeding functions. These biofunctional motifs are very short sequence peptides composed of amino
acids. The amino acids are biocompatible. We design peptides for this project were
selected from the ECM proteins targeting integrin binding. ALK sequence presents in
osteogenic growth peptide, ALKRQGRTLYGF is selected [176, 177]. Another peptide
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Table 2.1: ECM-derived peptides and their binding receptors.
Charge

Positive

Peptide
ALK
IKLLI

ECM
Osteogenic growth
peptide
Laminin α1 chain

IKVAV

Laminin α1 chain

PHSRN
PRG
YIGSR

Fibronectin
Laminin
Laminin β1 chain

DGEA
GD
Negative
EEE

Neutral

Collagen
Short form of RGD
Non-collagen
ECM molecule

MDG
DGR
PDSGR Laminin γ1 chain
RGD
Fibronectin,
Laminin

Receptor

Reference
[176]

α3β1, α6β1, cell sur- [181, 182]
face heparan sulfate
α3β1, α6β1, 67 kDa, [181, 186]
45 kDa, 32 kDa
α5β1, αIIbβ3
[187]
Integrins
[176]
α4β1, 67 kDa, 38 kDa, [187]
36 kDa
α2β1
[188]
[180]

Integrins
α5β1, αvβ1, α2β3,
αvβ5, αvβ8, αIIbβ3

[176]
[181]
[181, 187]

sequence DGEA is selected from type 1 collagen and interacts with integrin α2β1 [178].
DGR sequence is obtained from the osteopontin cell adhesion motif, DGRGDSVAYG
[176, 179]. EEE sequence is chosen from a non-collagenous matrix. The peptide possesses osteoinductive property (bone healing) together with PA [180]. Laminin-derived
recognition sequences, such as IKLLI, IKVAV, PDSGR, RGD and YIGSR are selected
and these sequences have been known to bind with integrins [181]. Moreover, the IKLLI containing peptides mediated cell adhesion and promoted neurite growth of PC12
cells via binding with integrin α3β1 and cell-surface heparan sulphate proteoglycan
[182]. Fibronectin-derived PHSRN sequence is also selected, which possesses synergy
effect on cell adhesion with RGD peptide and shares common mechanism for cell adhesion [183, 184]. A peptide sequence PRG presents in cell attachment motif PRGDSGYRGDS with two repetitive units of RGD is also chosen [185]. All peptide motifs
selected from the ECM proteins are summarized in the following Table (Table 2.1).
The functional motifs of the peptides designed from the ECM molecules are linear
chains and are flexible in structures which are not properly shaped to bind to their
receptors and may easily digest by enzymatic reactions. MSA is a emerging tool to
solve the problems by providing the stable structure into a compound. For that,
we used Phe (F) to couple to the N-terminal of the selected motifs and synthesized
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s library of 29 peptides based on the Fmoc-based SPPS principle (Fig. AScheme-1,
Fig. AScheme-2, Fig. AScheme-3, Fig. AScheme-4, Fig. AScheme-5, Fig. AScheme-6,
Fig. AScheme-7, Fig. AScheme-8, Fig. AScheme-9 Fig. AScheme-10, Fig. AScheme-11
and Fig. AScheme-12). Here, a synthesis scheme of peptides 3, 4, 5 and 6 is illustrated
as a representative (Fig. 2.1). The molecular structure of the peptides are presented
in the following figures (Fig. 2.2), (Fig. 2.3)
For characterizing the synthesized peptides, ESI-MS and NMR and HPLC spectral
analyses were done. ESI-MS spectra of the peptides were analyzed to confirm whether
the synthesized peptides are accurate by comparing the observed mass with that of
theoretical mass predicted from the structure of the peptides. 1 H, 13 C, DEPT 135 and
90 degrees NMR spectral analyses confirmed the molecular structures of the peptides.
1
H spectra confirmed protons, and 13 C spectra confirmed carbons of a molecular structure. DEPT spectra confirmed the number of proton(s) attached to the carbon. DEPT
135 degree spectra display upward peaks correspond to CH3 , CH and C and downward
peaks correspond to CH2 . Whereas, DEPT 90 spectra exhibit peaks only upward correspond to CH. Upon subtraction of the DEPT 90 degree spectrum from the DEPT
135 degree spectrum, exact position of the carbon atoms was assigned. HPLC spectra
was used for estimating the purity (%) of the peptides. The purity (%) was estimated
from the peak area of the expected peptide subtracted from the area of other peaks
appeared on the spectra. The HPLC spectral analyses showed that the peptides were
pure more than 90%, which were sufficient for biological application without further
purification.
Positively charged peptides
Peptide 1 (ALK): The ESI mass (m/z) of peptide 1 was found at 331.23 [M+H]+
(calculated mass, 330.23 for C15 H30 N4 O4 ) (Fig. A1A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.48 (s, 1H), 8.18 (d, J = 7.2 Hz, 1H), 4.36 (m, 1H), 4.12 (m, 5.4 Hz, 1H),
3.85 (m, 1H), 3.07 (s, 1H), 2.76 (m, 2H), 1.72 (m, 1H), 1.68 – 1.62 (m, 1H), 1.59 (m,
1H), 1.54 (m, 2H), 1.50 – 1.42 (m, 2H), 1.32 (m, 5H), 0.90 (d, J = 6.6 Hz, 3H), 0.87
(d, J = 6.6 Hz, 3H) (Fig. A1B). 13 C NMR (150MHz, DMSO) δ (ppm): 173.27, 171.58,
169.37, 51.75, 48.72, 48.01, 38.57, 30.37, 26.83, 26.55, 24.01, 23.10, 22.31, 21.53, 17.32
(Fig. A1C, Fig. A1E). Purity, 96% (Fig. A1D).
Peptide 2 (FFFALK): The ESI mass (m/z) of peptide 2 was found double charge
at 386.72 2[M+H]+ and single charge at 772.44 [M+H]+ (calculated mass, 771.43 for
C42 H57 N7 O7 ) (Fig. A2A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.68 (d, J = 7.8 Hz,
1H), 8.41 (d, J = 8.4 Hz, 1H), 8.21 (d, J = 7.2 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.01
(s, 2H), 7.94 (d, J = 8.4 Hz, 1H), 7.75 (s, 2H), 7.23 (m, 15H), 4.63 – 4.58 (m, 2H), 4.34
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Figure 2.1: A simplified scheme of a linear peptide 3, 4, 5 and 6 synthesis according to
Fmoc-SPPS principle. This Fmoc-SPPS principle includes the repetitive stepwise processes that include activation, coupling, deprotection and washing steps for each amino
acid installation during the synthesis except the last step. The last step comprises of
cleave of all protective groups from the residues and the desired peptide sequence from
the resin.
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Figure 2.2: Molecular structure of positively charged peptides. The bioactive sequences of the peptides are highlighted with colors
.
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Figure 2.3: Molecular structure of negatively charged and neutral peptides. The
bioactive sequences of the peptides are highlighted with colors
.
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(m, 2H), 4.17 – 4.13 (m, 1H), 3.98 (s, 1H), 3.03 (m, 3H), 2.84 (m, 2H), 2.76 (m, 3H),
1.71 (m, 1H), 1.62 (m, 2H), 1.54 (m, 2H), 1.46 (m, 2H), 1.35 (m, 2H), 1.21 (d, J =
7.2 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H), 0.85 (d, J = 6.6 Hz, 3H) (Fig. A2B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 173.31, 171.97, 171.75, 170.46, 167.81, 137.68, 137.39,
134.64, 129.55, 129.25, 129.20, 128.44, 128.08, 128.01, 127.08, 126.35, 126.21, 72.06,
53.91, 53.01, 51.57, 50.74, 48.72, 48.02, 40.96, 38.61, 37.68, 37.47, 36.97, 30.37, 26.83,
26.54, 24.08, 23.12, 22.32, 21.64, 18.21 (Fig. A2C, Fig. A2E). Purity, 95% (Fig. A2D).
Peptide 3 (IKLLI): The ESI mass (m/z) of peptide 3 was found at 599.44 [M+H]+
(calculated mass, 598.44) for C30 H58 N6 O6 (Fig. A3A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.48 (d, J = 7.8 Hz, 1H), 8.21 (d, J = 8.4 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H),
7.75 (d, J = 8.4 Hz, 1H), 4.40 – 4.30 (m, 3H), 4.15 (dd, J = 8.4, 6.0 Hz, 1H), 3.67 (d,
J = 5.4 Hz, 1H), 2.79 – 2.71 (m, 2H), 1.82 – 1.73 (m, 2H), 1.60 (m, 2H), 1.55 (m, 2H),
1.52 – 1.47 (m, 2H), 1.43 (m, 3H), 1.41 – 1.33 (m, 2H), 1.29 (m, 1H), 1.20 – 1.14 (m,
1H), 0.89 – 0.80 (m, 24H) (Fig. A3B). 13 C NMR (150 MHz, DMSO) δ (ppm): 172.73,
171.86, 171.66, 170.70, 167.55, 56.32, 56.15, 52.24, 50.85, 50.75, 40.73, 40.67, 38.67,
36.44, 36.32, 26.83, 26.72, 24.52, 24.10, 24.06, 23.93, 23.13, 23.04, 22.17, 21.53, 21.45,
15.45, 14.31, 11.28, 11.14 (Fig. A3C, Fig. A3E). Purity, 96% (Fig. A3D).
Peptide 4 (FIKLLI): The observed ESI (m/z) was 746.51 [M+H]+ (calculated mass,
745.51 for C39 H67 N7 O7 ) (Fig. A4A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.58 (d, J
= 8.8 Hz, 1H), 8.18 (d, J = 8.0 Hz, 3H), 8.03 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.4 Hz,
1H), 7.87 (s, 2H), 7.76 (d, J = 8.4 Hz, 1H), 7.25 (m, 5H), 4.37 (m, 1H), 4.32 (m, 1H),
4.26 (m, 2H), 4.16 (m, 2H), 3.05 (m, 1H), 2.92 (m, 1H), 2.74 (m, 2H), 1.80 – 1.75 (m,
1H), 1.72 – 1.66 (m, 1H), 1.63 – 1.51 (m, 6H), 1.49 – 1.38 (m, 7H), 1.31 (m, 2H), 1.20
– 1.14 (m, 1H), 1.09 – 1.00 (m, 1H), 0.87 – 0.80 (m, 24H) (Fig. A4B). 13 C NMR (150
MHz, DMSO) δ (ppm): 172.73, 171.87, 171.67, 170.97, 170.18, 167.65, 134.77, 129.57,
128.44, 127.09, 56.88, 56.15, 53.01, 52.29, 50.83, 50.72, 48.74, 40.91, 40.70, 38.67, 37.14,
36.96, 36.42, 31.32, 26.84, 26.74, 24.53, 24.31, 24.06, 23.14, 23.04, 22.27, 21.60, 21.56,
15.45, 15.13, 11.29, 11.12 (Fig. A4C, Fig. A4E). Purity, 97% (Fig. A4D).
Peptide 5 (FFIKLLI): The observed ESI (m/z) 893.58 [M+H]+ (calculated mass,
892.28 for C48 H76 N8 O8 ) (Fig. A5A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.69 (d, J
= 7.8 Hz, 1H), 8.26 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.99 (m, 2H), 7.74
(d, J = 7.8 Hz, 1H), 7.29 – 7.24 (m, 9H), 7.20 (m, 1H), 4.71 (m, 1H), 4.37 (m, 1H), 4.34
– 4.30 (m, 1H), 4.28 (m, 1H), 4.24 (m, 1H), 4.15 (m, 1H), 3.96 (m, 1H), 3.10 (m, 1H),
3.01 (m, 1H), 2.92 – 2.86 (m, 1H), 2.81 (m, 1H), 2.76 – 2.73 (m, 2H), 1.79 – 1.72 (m,
2H), 1.65 – 1.57 (m, 3H), 1.57 – 1.49 (m, 3H), 1.48 – 1.41 (m, 6H), 1.39 (m, 1H), 1.30
(m, 2H), 1.17 (m, 1H), 1.09 (m, 1H), 0.83 (m, 24H)(Fig. A5B). 13 C NMR (150 MHz,
DMSO) δ (ppm): 172.74, 171.79, 171.63, 170.98, 170.62, 170.48, 168.47, 158.17, 157.97,
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137.46, 129.65, 129.26, 128.40, 128.07, 127.02, 126.34, 72.06, 56.85, 56.19, 53.81, 53.22,
52.17, 50.84, 50.74, 48.72, 40.93, 40.67, 38.67, 37.54, 37.23, 36.82, 36.44, 31.35, 26.83,
26.68, 24.52, 24.32, 24.05, 23.12, 23.00, 22.18, 21.63, 21.54, 15.44, 15.24, 11.29, 11.10
(Fig. A5C, Fig. A5E). Purity, 96% (Fig. A5D).
Peptide 6 (FFFIKLLI): The observed ESI mass (m/Z) 1040.65 [M+H]+ (calculated
mass, 1039.65 for C57 H85 N9 O9 ) (Fig. A6A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.72
(s, 1H), 8.40 (d, J = 7.8 Hz, 1H), 8.09 – 7.96 (m, 8H), 7.81 (m, 2H), 7.74 (d, J =
8.4 Hz, 1H), 7.28 – 7.19 (m, 15H), 4.69 (m, 1H), 4.60 (m, 1H), 4.37 (m, 1H), 4.32 (m,
1H), 4.28 (m, 1H), 4.24 (m, 1H), 4.16 (m, 1H), 3.99 (broad s, 1H), 3.02 (m, 3H), 2.83
(m, 3H), 2.76 – 2.73 (m, 2H), 1.75 (m, 2H), 1.60 (m, 3H), 1.52 (m, 4H), 1.43 (m, 6H),
1.38 (m, 1H), 1.33 – 1.27 (m, 2H), 1.17 (m, 2H), 0.83 (m, 24H) (Fig. A6B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 172.71, 171.85, 171.64, 171.01, 170.74, 170.65, 170.44,
167.78, 137.70, 137.34, 134.64, 129.55, 129.33, 129.20, 128.43, 128.07, 128.01, 127.07,
126.35, 126.21, 56.78, 56.14, 53.89, 53.61, 53.01, 52.17, 50.84, 50.74, 48.73, 40.91, 40.67,
38.70, 37.75, 37.36, 37.00, 36.92, 36.42, 31.38, 26.83, 26.69, 24.52, 24.27, 24.05, 23.12,
23.00, 22.21, 21.63, 21.55, 15.43, 15.25, 11.27, 11.11 (Fig. A6C, Fig. A6E). Purity, 97%
(Fig. A6D).
Peptide 7 (IKVAV): The observed ESI mass (m/z) 529.36 [M+H]+ (calculated mass,
528.36 for C50 H96 N12 O12 ) (Fig. A7A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.47 (d,
J = 7.2 Hz, 1H), 8.11 (s, 2H), 8.04 – 7.99 (m, 2H), 7.88 (m, 1H), 7.82 (broad, 2H),
4.44 – 4.40 (m, 1H), 4.40 – 4.35 (m, 1H), 4.21 – 4.17 (m, 1H), 4.14 (m, 1H), 3.66
(broad, 1H), 2.76 (m, 2H), 2.05 (m, 1H), 1.97 (m, 1H), 1.82 – 1.75 (m, 1H), 1.66 –
1.60 (m, 1H), 1.60 – 1.42 (m, 5H), 1.37 (m, 1H), 1.32 – 1.26 (m, 1H), 1.25 – 1.15 (m,
4H), 1.11 (m, 1H), 0.89 – 0.80 (m, 18H) (Fig. A7B). 13 C NMR (150 MHz, DMSO) δ
(ppm): 172.81, 172.24, 171.14, 170.30, 167.67, 162.31, 134.75, 129.54, 128.45, 127.10,
57.23, 57.00, 56.90, 53.01, 52.49, 47.88, 38.64, 37.09, 36.97, 35.79, 31.21, 30.77, 30.71,
29.95, 26.71, 24.24, 22.31, 19.12, 19.04, 18.16, 17.82, 15.20, 11.08 (Fig. A7C, Fig. A7E).
Purity, 95% (Fig. A7D).
Peptide 8 (FIKVAV): The observed ESI mass (m/z) was 676.44 [M+H]+ , (calculated mass, 675.43 for C34 H57 N7 O7 ) (Fig. A8A). 1 H NMR (600 MHz, DMSO) δ (ppm):
8.58 (d, J = 8.4 Hz, 1H), 8.21 (d, J = 7.8 Hz, 1H), 8.14 (broad s, 2H), 8.03 (d, J = 7.2
Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 7.82 (broad s, 2H), 7.78 (d, J = 8.4 Hz, 1H), 7.30 –
7.22 (m, 5H), 4.40 – 4.36 (m, 1H), 4.32 (m, 1H), 4.26 (m, 1H), 4.18 (m, 1H), 4.14 (m,
2H), 3.06 (m, 1H), 2.92 (m 1H), 2.78 – 2.73 (m, 2H), 2.05 (m, 1H), 1.99 – 1.94 (m, 1H),
1.73 – 1.68 (m, 1H), 1.67 – 1.62 (m, 1H), 1.59 – 1.53 (m, 2H), 1.52 – 1.46 (m, 2H), 1.35
– 1.26 (m, 2H), 1.19 (m, 3H), 1.09 – 1.05 (m, 1H), 0.87 – 0.80 (m, 18H) (Fig. A8B).
13
C NMR (150 MHz, DMSO) δ (ppm): 172.81, 172.24, 171.14, 170.30, 167.67, 162.31,
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134.75, 129.54, 128.45, 127.10, 57.23, 57.00, 56.90, 53.01, 52.49, 47.88, 38.64, 37.09,
36.97, 35.79, 31.21, 30.77, 30.71, 29.95, 26.71, 24.24, 22.31, 19.12, 19.04, 18.16, 17.82,
15.20, 11.08 (Fig. A8C, Fig. A8E). Purity, 94% (Fig. A8D).
Peptide 9 (FFIKVAV): The observed ESI mass (m/z) was 823.50 [M+H]+ , (calculated mass, 822.50 for C43 H66 N8 O8 ) (Fig. A9A). 1 H NMR (600 MHz, DMSO)δ (ppm):
8.75 (d, J = 7.8 Hz, 1H), 8.29 (d, J = 9.0 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.03
(broad, 3H), 7.87 (d, J = 8.4 Hz, 1H), 7.77 (broad, 3H), 7.29 – 7.20 (m, 10H), 4.72
(m, 1H), 4.38 (m, 1H), 4.33 (m, 1H), 4.26 (m, 1H), 4.19 (m, 1H), 4.15 – 4.12 (m, 1H),
4.01 (m, 1H), 3.11 (m, 1H), 3.01 (m, 1H), 2.96 – 2.91 (m, 1H), 2.83 – 2.78 (m, 1H),
2.78 – 2.73 (m, 2H), 2.05 (m, 1H), 1.96 (m, 1H), 1.75 (m, 1H), 1.69 – 1.63 (m, 1H),
1.57 – 1.50 (m, 3H), 1.48 – 1.43 (m, 1H), 1.31 (m, 2H), 1.19 (d, J = 7.2 Hz, 3H),
1.11 (m, 1H), 0.86 – 0.80 (m, 18H) (Fig. A9B). 13 C NMR (150 MHz, DMSO) δ (ppm):
172.81, 172.24, 171.19, 170.72, 170.49, 170.29, 167.93, 137.47, 134.58, 129.69, 129.25,
128.44, 128.10, 127.13, 126.38, 57.21, 56.99, 56.88, 53.89, 52.93, 52.35, 48.73, 47.88,
38.67, 37.53, 36.89, 36.78, 31.28, 30.73, 29.95, 26.83, 26.66, 24.27, 22.25, 19.12, 19.04,
18.16, 17.83, 15.32, 11.07 (Fig. A9C, Fig. A9E). Purity, 94% (Fig. A9D).
Peptide 10 (FFFIKVAV): The observed ESI mass (m/z) was 970.57 [M+H]+ (calculated mass, 969.57 for C52 H75 N9 O9 ) (Fig. A10A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.69 (d, J = 8.4 Hz, 1H), 8.40 (d, J = 8.4 Hz, 1H), 8.09 (m, 2H), 8.03 (s, 1H),
7.99 (s, 1H), 7.87 (d, J = 8.4 Hz„ 1H), 7.75 (d, J = 8.4 Hz„ 1H), 7.70 (broad s, 1H),
7.23 (m, 15H), 4.69 (m, 1H), 4.61 (m, 1H), 4.38 (m, 1H), 4.34 (m, 1H), 4.25 (m, 1H),
4.19 (m, 1H), 4.14 (m, 1H), 3.97 (m, 1H), 3.02 (m, 3H), 2.80 (m, 5H), 2.05 (m, 1H),
1.96 (m, 1H), 1.74 (m, 1H), 1.66 (m, 1H), 1.54 (m, 4H), 1.44 (m, 1H), 1.31 (m, 2H),
1.20 (d, J = 7.2 Hz, 3H), 0.86 (m, 18H) (Fig. A10B). 13 C NMR (150 MHz, DMSO) δ
(ppm): 172.79, 172.22, 171.30, 171.16, 170.72, 170.42, 170.26, 167.75, 137.69, 134.59,
129.51, 129.31, 129.16, 128.44, 128.06, 128.00, 127.08, 126.34, 126.20, 72.05, 57.18,
56.97, 56.73, 53.79, 53.57, 52.98, 52.30, 48.72, 47.86, 40.04, 38.68, 37.74, 37.35, 37.00,
36.89, 31.28, 30.72, 29.94, 26.82, 26.65, 24.16, 22.24, 19.11, 19.02, 18.16, 17.82, 15.30,
11.05 (Fig. A10C, Fig. A10E). Purity, 94% (Fig. A10D).
Peptide 11 (PHSRN): The observed ESI mass (m/z) 610.30 [M+H]+ (calculated
mass, 609.30 for C24 H39 N11 O8 ) (Fig. A11A). 1 H NMR (600 MHz, DMSO) δ (ppm):
8.89 (d, J = 7.8 Hz, 1H), 8.79 (s, 1H), 8.27 (d, J = 7.8 Hz, 1H), 8.15 (d, J = 7.8
Hz, 1H), 8.11 (d, J = 7.8 Hz, 1H), 7.60 (m, 1H), 7.43 (broad, 1H), 7.32 (broad, 1H),
6.93 (broad, 1H), 4.72 (m, 1H), 4.51 (m, 1H), 4.39 (m, 1H), 4.35 (m, 1H), 4.22 (m,
1H), 3.54 (m, 2H), 3.21 (m, 3H), 3.09 (m, 2H), 3.02 (m, 1H), 2.55 (m, 1H), 2.47 (m,
1H), 2.28 (m, 1H), 1.86 (m, 3H), 1.71 (m, 1H), 1.50 (m, 3H) (Fig. A11B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 172.66, 171.10, 169.33, 168.41, 158.49, 158.29, 156.69,
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133.97, 118.16, 116.94, 116.22, 61.74, 58.91, 54.94, 52.29, 52.24, 51.69, 48.80, 45.79,
40.46, 36.51, 29.48, 29.40, 26.83, 24.63, 23.43 (Fig. A11C, Fig. A11E). Purity, 93%
(Fig. A11D).
Peptide 12 (FFFPHSRN): The observed ESI mass (m/z) 526.25 2[M+H]+ (calculated mass, 1050.50 for C51 H66 N14 O11 ) (Fig. A12A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.86 (s, 1H), 8.71 (d, J = 7.8 Hz, 1H), 8.58 (d, J = 7.8 Hz, 1H), 8.38 (d, J
= 7.8 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.11 (d, J = 8.2 Hz, 1H), 7.99 (d, J = 7.2
Hz, 1H), 7.60 (s, 1H), 7.42 (s, 1H), 7.30 – 7.17 (m, 18H), 6.93 (s, 1H), 4.70 (m, 1H),
4.65 (m, 1H), 4.61 (m, 1H), 4.51 (m, 1H), 4.38 – 4.32 (m, 3H), 4.01 (m, 1H), 3.56 (m,
3H), 3.46 (m, 1H), 3.12 (m, 1H), 3.06 – 3.02 (m, 3H), 2.95 (m, 2H), 2.81 (m, 3H),
2.55 (m, 1H), 2.47 (m, 1H), 2.00 (m, 1H), 1.88 (m, 1H), 1.83 – 1.76 (m, 2H), 1.73 (m,
1H), 1.50 (m, 3H) (Fig. A12B). 13 C NMR (150 MHz, DMSO) δ (ppm): 172.65, 171.67,
171.18, 171.02, 170.10, 169.77, 169.54, 169.49, 167.84, 158.57, 158.37, 156.75, 137.68,
137.17, 134.71, 133.71, 129.52, 129.29, 128.47, 128.15, 128.10, 127.11, 126.43, 126.29,
118.17, 116.99, 116.18, 61.74, 59.50, 55.01, 53.78, 53.09, 52.03, 51.79, 48.78, 46.92,
40.46, 37.76, 37.06, 36.58, 29.36, 29.02, 26.84, 24.71, 24.49 (Fig. A12C, Fig. A12E).
Purity, 95% (Fig. A12D).
Peptide 13 (PRG): The observed ESI mass (m/z) was 329.19 [M+H]+ (calculated
mass, 328.19 for C13 H24 N6 O6 ) (Fig. A13A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.78
(d, J = 7.8 Hz, 1H), 8.37 (t, J = 6.0 Hz, 1H), 7.83 (broad, 1H), 7.30 (broad, 1H), 7.06
(m, 1H), 4.35 (m, 1H), 4.23 (s, 1H), 3.81 – 3.73 (m, 2H), 3.23 – 3.16 (m, 2H), 3.10 –
3.06 (m, 2H), 2.30 (m, 1H), 1.86 (m, 3H), 1.72 (m, 1H), 1.60 (m, 1H), 1.54 (m, 3H)
(Fig. A13B). 13 C NMR (150 MHz, DMSO) δ (ppm): 171.11, 171.02, 168.08, 156.73,
58.95, 52.39, 45.73, 40.65, 40.29, 29.36, 29.11, 24.68, 23.48 (Fig. A13C, Fig. A13E).
Purity, 94% (Fig. A13D).
Peptide 14 (FFFPRG): The observed ESI mass (m/z) was 385.70 [M+2H]2+ (calculated mass, 769.39 for C40 H51 N9 O7 ) (Fig. A14A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 9.07 (broad, 1H), 8.68 (broad, 1H), 8.18 (broad, 1H), 8.11 (braod, 1H), 7.84
(broad, 1H), 7.38 (braod, 2H), 7.28 – 7.18 (m, 15H), 4.69 (m, 1H), 4.50 (m, 1H), 4.38
(m, 1H), 4.30 (m, 1H), 3.98 (broad, 1H), 3.75 (m, 2H), 3.75 (m, 1H), 3.50 (broad, 1H),
3.13 (m, 1H), 3.07 – 2.99 (m, 3H), 2.87 (m, 4H), 2.03 (m, 1H), 1.94 – 1.84 (m, 2H),
1.81 – 1.73 (m, 2H), 1.56 – 1.45 (m, 3H) (Fig. A14B). 13 C NMR (150 MHz, DMSO)
δ (ppm): 9.07 (broad, 1H), 8.68 (broad, 1H), 8.18 (broad, 1H), 8.11 (braod, 1H), 7.84
(broad, 1H), 7.38 (braod, 2H), 7.28 – 7.18 (m, 15H), 4.69 (m, 1H), 4.50 (m, 1H), 4.38
(m, 1H), 4.30 (m, 1H), 3.98 (broad, 1H), 3.75 (m, 2H), 3.75 (m, 1H), 3.50 (broad, 1H),
3.13 (m, 1H), 3.07 – 2.99 (m, 3H), 2.87 (m, 4H), 2.03 (m, 1H), 1.94 – 1.84 (m, 2H), 1.81
– 1.73 (m, 2H), 1.56 – 1.45 (m, 3H) (Fig. A14C, Fig. A14E). Purity, 93% (Fig. A14D).
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Peptide 15 (YIGSR): The observed ESI mass (m/z) was 595.32 [M+H]+ (calculated
mass, 594.31 for C26 H42 N8 O8 ) (Fig. A15A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.54
(d, J = 8.4 Hz, 1H), 8.29 (s, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H),
7.65 (s, 1H), 7.32 (s, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 4.37
(m, 1H), 4.25 (m, 1H), 4.19 (m, 1H), 4.03 (m, 1H), 3.86 (m, 1H), 3.74 (m, 1H), 3.57
(m, 2H), 3.34 (s, 1H), 3.09 (m, 2H), 2.97 (m, 1H), 2.80 (m, 1H), 1.74 (m, 2H), 1.61
(m, 1H), 1.54 – 1.46 (m, 3H), 1.09 (m, 1H), 0.87 (d, J = 6.6 Hz, 3H), 0.83 (t, J = 7.8
Hz, 3H) (Fig. A15B). 13 C NMR (150 MHz, DMSO) δ (ppm): 173.22, 170.67, 170.03,
168.56, 167.93, 156.73, 156.53, 130.52, 124.66, 115.31, 61.90, 57.10, 55.01, 53.47, 51.64,
41.86, 40.33, 36.89, 36.23, 28.17, 25.03, 24.33, 15.23, 11.11 (Fig. A15C, Fig. A15E).
Purity, 90% (Fig. A15D).
Peptide 16 (FFFYIGSR): The observed ESI mass (m/z) was 1036.52 [M+H]+ (calculated mass, 1035.52 for C53 H69 N11 O11 ) (Fig. A16A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.24 – 8.13 (m, 3H), 8.13 – 7.81 (m, 3H), 7.70 (s, 1H), 7.23 – 7.15 (m, 15H),
7.07 – 7.04 (m, 2H), 6.64 (d, J = 8.4 Hz, 2H), 4.58 – 4.50 (m, 3H), 4.35 (m, 1H), 4.20
(m, 2H), 3.93 (m, 1H), 3.78 (m, 2H), 3.58 (m, 2H), 3.19 – 3.02 (m, 3H), 3.01 – 2.90 (m,
4H), 2.77 (m, 4H), 1.74 (m, 2H), 1.63 (m, 1H), 1.51 (m, 2H), 1.47 (m, 1H), 0.84 (d, J
= 7.2 Hz, 3H), 0.81 (t, J = 7.2 Hz, 3H) (Fig. A16B). 13 C NMR (150 MHz, DMSO)δ
(ppm): 173.28, 171.16, 170.75, 170.28, 170.02, 168.73, 156.72, 155.78, 137.66, 130.16,
129.53, 129.27, 128.42, 128.07, 127.97, 126.16, 114.83, 61.86, 59.99, 57.05, 55.08, 54.02,
53.82, 40.35, 37.64, 37.02, 36.67, 28.19, 26.84, 25.03, 24.30, 15.30, 11.10 (Figure X)
(Fig. A16C, Fig. A16E). Purity, 80% (Fig. A16D).
Negatively charged peptides
Peptide 17 (DGEA): The ESI mass (m/z) of peptide 17 was found at m/z at 391.14
[M+H]+ (calculated mass, 390.14 for C14 H22 N4 O9 ) (Fig. A17A). 1 H NMR (600 MHz,
DMSO) δ (ppm): 8.63 (s, 1H), 8.30 (s, 1H), 8.11 (d, J = 8.4 Hz, 1H), 4.31 (m, 1H),
4.19 – 4.14 (m, 1H), 4.09 (m, 1H), 3.81 (m, 2H), 2.84 (m, 1H), 2.75 – 2.66 (m, 1H),
2.30 – 2.21 (m, 2H), 1.89 (s, 1H), 1.74 (s, 1H), 1.27 (d, J = 7.2 Hz, 3H) (Fig. A17B).
13
C NMR (150 MHz, DMSO) δ (ppm): 174.03, 173.92, 171.10, 170.75, 168.24, 167.89,
51.52, 48.99, 47.48, 41.98, 35.58, 30.07, 27.71, 26.83, 16.92 (Fig. A17C, Fig. A17E).
Purity, 94% (Fig. A17D).
Peptide 18 (FFFDGEA): The ESI mass (m/z) of peptide 18 was observed at 832.35
[M+H]+ (calculated mass, 831.34 for C41 H49 N7 O12 ) (Fig. A18A). 1 H NMR (600 MHz,
DMSO) δ (ppm): 8.63 (s, 1H), 8.30 (s, 1H), 8.11 (d, J = 8.4 Hz, 1H), 4.31 (m, 1H), 4.19
– 4.14 (m, 1H), 4.09 (m, 1H), 3.81 (m, 2H), 2.84 (m, 1H), 2.75 – 2.66 (m, 1H), 2.30 – 2.21
(m, 2H), 1.89 (s, 1H), 1.74 (s, 1H), 1.27 (d, J = 7.2 Hz, 3H) (Fig. A18B). 13 C NMR (150
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MHz, DMSO) δ (ppm): 174.02, 173.90, 171.82, 171.00, 170.78, 170.58, 168.26, 167.91,
137.62, 137.41, 134.71, 129.54, 129.29, 129.19, 128.43, 128.08, 128.05, 127.05, 126.32,
126.21, 53.87, 53.07, 51.47, 49.53, 48.72, 47.48, 42.14, 39.93, 39.79, 39.65, 39.51, 39.37,
39.23, 39.09, 37.66, 37.40, 37.01, 36.08, 30.06, 27.64, 16.90 (Fig. A18C, Fig. A18E).
Purity, 95% (Fig. A18D).
Peptide 19 (EEE): The ESI mass (m/z) of peptide 19 was found at 406.14 [M+H]+
(calculated mass, 405.14 for C15 H23 N3 O10 ) (Fig. A19A). 1 H NMR (600 MHz, DMSO)
δ (ppm): 12.32 (s, 1H), 8.58 (d, J = 7.2 Hz, 1H), 8.30 (d, J = 7.2 Hz, 1H), 8.15 (s,
2H), 4.29 (m, 1H), 4.15 (m, 1H), 3.80 (s, 1H), 2.46 (m, 1H), 2.32 (m, 3H), 2.26 (m,
3H), 1.89 (m, 4H), 1.76 (m, 2H) (Fig. A19B). 13 C NMR (150 MHz, DMSO) δ (ppm):
173.90, 173.70, 173.44, 173.05, 170.78, 168.09, 51.97, 51.46, 51.32, 30.06, 29.97, 29.02,
27.40, 26.84, 26.48, 26.16 (Fig. A19C, Fig. A19E). Purity, 97% (Fig. A19D).
Peptide 20 (FFFEEE): The ESI mass (m/z) of 20 found at 847.35 [M+H]+ (calculated mass, 846.34 for C42 H50 N6 O13 ) (Fig. A20A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.68 (7.2, 1H), 8.43 (d, J = 7.8 Hz, 1H), 8.26 (d, J = 7.8 Hz, 2H), 8.24 (d, J
= 7.8 Hz, 2H), 8.05 – 7.98 (m, 4H), 7.29 – 7.18 (m, 15H), 4.62 (m, 2H), 4.35 – 4.28
(m, 2H), 4.19 m, 1H), 3.98 (s, 1H), 3.04 (m, 3H), 2.89 – 2.83 (m, 2H), 2.80 (m, 1H),
2.30 – 2.25 (m, 6H), 1.99 – 1.89 (m, 3H), 1.82 – 1.74 (m, 3H) (Fig. A20B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 174.06, 174.04, 173.74, 173.11, 171.13, 170.94, 170.80,
170.53, 167.80, 137.74, 137.40, 134.66, 129.59, 129.34, 129.22, 128.47, 128.12, 128.07,
127.11, 126.37, 126.25, 72.10, 53.86, 53.78, 53.05, 51.81, 51.65, 51.32, 48.75, 37.72,
37.40, 37.01, 30.18, 30.10, 30.00, 27.65, 27.61, 26.86, 26.22 (Fig. A20C, Fig. A20E).
Purity, 98% (Fig. A20D).
Peptide 21 (MDG): The observed ESI mass (m/z) was 322.11 [M+H]+ (calculated
mass, 321.10 for C11 H19 N3 O6 S) (Fig. A21A). 1 H NMR (600 MHz, DMSO) δ (ppm):
8.70 (broad, 1H), 8.19 (m, 1H), 4.62 (s, 1H), 3.74 (m, 2H), 3.67 (m, 1H), 2.71 (m, 1H),
2.58 – 2.54 (m, 1H), 2.54 – 2.48 (m, 3H), 2.01 – 1.88 (m, 2H) (Fig. A21B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 171.55, 171.03, 170.40, 72.07, 51.86, 48.73, 41.03, 36.25,
31.36, 28.22, 14.44 (Fig. A21B, Fig. A21E). Purity, 94% (Fig. A21D).
Peptide 22 (FFFMDG): The observed ESI mass (m/z) was 763.31 [M+H]+ (calculated mass, 762.30 for C38 H46 N6 O9 S) (Fig. A22A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.71 (d, J = 7.8 Hz, 1H), 8.44 (d, J = 7.8 Hz, 1H), 8.28 (d, J = 7.8 Hz, 1H),
8.24 (m, 1H), 8.05 (m, 2H), 7.29 – 7.18 (m, 15H), 4.65 – 4.58 (m, 3H), 4.39 (m, 1H),
3.98 (broad, 1H), 3.77 (m, 1H), 3.71 (m, 1H), 3.07 – 2.99 (m, 3H), 2.90 – 2.83 (m,
2H), 2.80 (m, 1H), 2.71 (m, 1H), 2.54 (m, 1H), 2.48 – 2.41 (m, 2H), 2.04 (s, 3H), 2.00
(m, 1H), 1.81 (m, 1H) (Fig. A22B). 1 3C NMR (150 MHz, DMSO) δ (ppm): 171.66,
171.07, 170.94, 170.80, 170.76, 170.55, 167.81, 137.77, 137.38, 134.65, 129.57, 129.32,

36

Design and synthesis of self-assembling integrin ligands

129.21, 128.45, 128.10, 128.07, 127.08, 126.36, 126.23, 72.07, 53.87, 53.78, 53.03, 51.97,
49.31, 48.74, 40.82, 37.72, 37.30, 36.99, 36.07, 32.10, 29.39, 26.84, 14.64 (Fig. A22C,
Fig. A22E). Purity, 92% (Fig. A22D).
Peptide 23 (FFFGD): The observed ESI mass (m/z) was 632.36 [M+H]+ (calculated
mass, 631.26 for C33 H37 N5 O8 (Fig. A23A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.68
(d, J = 8.4 Hz, 1H), 8.43 (d, J = 8.4 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H), 8.17 (t, J = 6.0
Hz, 1H), 8.00 (broad, 2H), 7.27 – 7.19 (m, 15H), 4.63 – 4.58 (m, 2H), 4.56 (m, 1H), 3.96
(broad, 1H), 3.75 (d, J = 6.6 Hz, 2H), 3.08 – 3.01 (m, 3H), 2.86 – 2.77 (m, 3H), 2.70
(m, 1H), 2.61 (m, 1H), 2.55 – 2.53 (m, 2H), 2.56 – 2.51 (m, 2H) (Fig. A23B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 172.29, 171.72, 171.15, 170.54, 168.50, 167.90, 137.78,
137.40, 134.70, 129.60, 129.31, 129.23, 128.56, 128.21, 128.14, 127.19, 126.46, 126.30,
54.06, 53.97, 53.12, 48.61, 41.68, 37.71, 37.62, 37.06, 36.13 (Fig. A23C, Fig. A23E).
Neutral peptides
Peptide 24 (DGR): The ESI mass (m/z) of the 24 was observed at 347.16 [M+H]+
(calculated mass, 346.16 for C12 H22 N6 O6 ) (Fig. A24A). 1 H NMR (600 MHz, DMSO)
δ (ppm): 8.83 (t, J = 5.4 Hz, 1H), 8.47 (s, 1H), 8.18 (d, J = 7.2 Hz, 1H), 7.29 (s,
4H), 4.10 (m, 1H), 3.99 (t, J = 6.6 Hz, 1H), 3.95 (dd, J = 6.0, 16.8 Hz, 1H), 3.64 (dd,
J = 4.2, 16.8 Hz, 1H), 3.08 (m, 2H), 2.73 (dd, J = 6.6, 16.8 Hz, 1H), 2.65 (d, J =
6.0 , 16.8 Hz, 1H), 1.77 – 1.65 (m, 2H), 1.62 – 1.50 (m, 2H) (Fig. A24B). 13 C NMR
(150 MHz, DMSO) δ (ppm): 173.17, 172.25, 168.71, 157.09, 52.03, 49.62, 42.22, 40.49,
36.89, 27.84, 26.85, 24.45 (Fig. A24C, Fig. A24E). Purity, 93% (Fig. A24D).
Peptide 25 (FFFDGR): The ESI mass (m/z) of the 25 was observed at single ion
mode 788.37 [M+H]+ and double ion mode 394.69 [M+H]2+ (calculated mass, 787.37
for C39 H49 N9 O9 ) (Fig. A25A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.74 (s, 1H), 8.54
(s, 2H), 8.32 (s, 1H), 8.18 (s, 1H), 8.01 (s, 1H), 7.25 – 7.13 (m, 15H), 4.59 (m, 1H), 4.51
(m, 2H), 4.07 (m, 1H), 3.91 (m, 1H), 3.97 (m, 1H), 3.55 (m, 1H), 3.90 (m, 1H), 3.06
– 2.97 (m, 4H), 2.85 (m, 3H), 2.64 (m, 1H), 1.73 (m, 2H), 1.57 (m, 2H) (Fig. A25B).
13
C NMR (150 MHz, DMSO) δ (ppm): 173.34, 171.18, 170.48, 157.12, 137.69, 134.95,
129.50, 129.31, 129.24, 128.43, 128.11, 128.06, 126.99, 126.34, 126.22, 52.25, 50.13,
42.33, 40.57, 37.36, 26.84 (Fig. A25C, Fig. A25E). Purity, 96% (Fig. A25D).
Peptide 26 (PDSGR): The observed ESI mass (m/z) was 531.25 [M+H]+ (calculated
mass, 530.24 for C20 H34 N8 O9 ) (Fig. A26A). 1 H NMR (600 MHz, DMSO) δ (ppm): 8.97
(d, J = 6.6 Hz, 1H), 8.21 (t, J = 1 Hz, 1H), 8.07 (m, 2H), 7.71 (broad, 1H), 7.33 (broad,
2H), 7.02 (broad, 2H), 4.64 (m, 1H), 4.27 (m, 1H), 4.19 (m, 2H), 3.75 (m, 2H), 3.71
(m, 1H), 3.62 (m, 1H), 3.53 (m, 1H), 3.25 – 3.18 (m, 2H), 3.15 – 3.08 (m, 3H), 2.75
(m, 1H), 2.58 (m, 1H), 2.29 (m, 1H), 1.92 – 1.85 (m, 3H), 1.77 – 1.70 (m, 2H), 1.59
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(m, 1H), 1.49 (m, 1H) (Fig. A26B). 13 C NMR (150 MHz, DMSO) δ (ppm): 173.20,
171.57, 170.05, 168.74, 168.33, 156.77, 156.72, 61.69, 58.94, 55.20, 52.23, 51.54, 45.77,
40.08, 29.39, 28.18, 27.39, 25.05, 24.46, 23.41 (Fig. A26C, Fig. A26E,). Purity, 95%
(Fig. A26D).
Peptide 27 (FFFPDSGR): The observed ESI mass (m/z) was 972.45 [M+H]+ (calculated mass, 971.45 for C47 H61 N11 O12 ) (Fig. A27A). 1 H NMR (600 MHz, DMSO) δ
(ppm): 8.67 (d, J = 7.8 Hz, 1H), 8.60 (d, J = 7.8 Hz, 1H), 8.35 (d, J = 7.8 Hz, 1H),
8.19 (t, J = 5.8 Hz, 1H), 7.93 (d, J = 7.2 Hz, 1H), 7.82 (d, J = 72 Hz, 1H), 7.69
(s, 1H), 7.24 (m, 17H), 4.71 ( m, 1H), 4.61 (m, 1H), 4.55 (m, 1H), 4.33 (m, 1H), 4.23
(m, 1H), 4.17 (m, 1H), 3.98 (m, 1H), 3.75 (m, 1H), 3.70 (m, 2H), 3.58 (m, 3H), 3.52
(m, 1H), 3.10 (m, 3H), 2.97 (m, 1H), 2.81 (m, 2H), 2.72 (m, 1H), 2.60 (m, 1H), 2.01
(m, 1H), 1.90 (m, 1H), 1.75 (m, 3H), 1.60 – 1.58 (m, 1H), 1.48 (m, 1H) (Fig. A27B).
13
C NMR (150 MHz, DMSO) δ (ppm): 173.18, 172.07, 171.79, 171.27, 170.83, 170.15,
169.87, 168.69, 167.91, 158.22, 156.85, 156.73, 137.76, 137.21, 134.76, 129.51, 129.28,
128.48, 128.14, 128.08, 127.09, 126.26, 59.71, 55.58, 53.74, 53.14, 52.64, 52.08, 51.56,
49.72, 46.88, 42.07, 40.28, 40.10, 40.05, 37.09, 36.42, 28.93, 28.20, 27.56, 26.84, 25.04,
24.54, 24.43 (Fig. A27C, Fig. A27E). Purity, 94% (Fig. A27D).
Peptide 28 (RGD): The observed ESI mass (m/z) was 347.27 [M+H]+ (calculated
mass, 346.36 for C12 H22 N6 O6 ) (Fig. A28A). 1 H NMR (400 MHz, D2O) δ (ppm): 4.68
(m, 2H), 3.97 (m, 1H), 3.91 (m, 1H), 3.11 (t, J = 6.8 Hz, 2H), 2.85 (d, J = 6.0 Hz,
2H), 1.83 (m, 2H), 1.57 (m, 2H) (Fig. A28B).
Peptide 29 (FFFRGD): The observed ESI mass (m/z) was 787.37 [M+H]+ (calculated mass, 788.55 for C39 H49 N9 O9 ) (Fig. A29A). 1 H NMR (600 MHz, DMSO) δ (ppm):
8.85 (s, 1H), 8.56 (s, 1H), 8.27 (d, J = 7.8 Hz, 1H), 8.20 (d, J = 7.8 Hz, 1H), 8.16 (t, J
= 6.0 Hz, 1H), 7.29 – 7.17 (m, 15H), 4.63 – 4.52 (m, 2H), 4.48 (m, 1H), 4.30 (m, 1H),
3.95 (m, 1H), 3.80 (m, 1H), 3.68 (m, 1H), 3.12 – 3.00 (m, 5H), 2.92 – 2.81 (m, 3H), 2.61
(m, 2H), 1.74 (m, 1H), 1.60 (m, 1H), 1.57 – 1.49 (m, 2H) (Fig. A29B). 13 C NMR (150
MHz, DMSO) δ (ppm): 172.47, 172.02, 171.58, 171.04, 170.60, 168.34, 167.79, 156.83,
137.75, 137.46, 134.76, 129.55, 129.28, 129.22, 128.44, 128.12, 128.08, 127.05, 126.37,
126.25, 54.28, 53.43, 52.26, 48.65, 41.63, 40.53, 37.52, 37.34, 36.96, 36.61, 29.35, 24
(Fig. A29C, Fig. A29E). Purity, 94% (Fig. A29D).

2.3.2

Self-assembling performance of peptides 1-29

Peptide 1 and 2
Both peptide 1 and 2 contain ALK sequence that has a positive charge K and is
hydrophilic in nature (Fig. 2.4A). However, the hydrophilicity of peptide 2 was reduced

38

Design and synthesis of self-assembling integrin ligands

by adding hydrophobic FFF to introduce MSA in it (Fig. 2.4A).
MSA of the peptides was accessed through hydrogel formation. Hydrogels were
prepared in PBS buffer at physiological pH. For dissolving in the buffer, peptides were
sonicated. During sonication, peptide 1 was observed to dissolve easily in the buffer
yielding a clear solution (Fig. 2.4B). The positively charge of K of peptide 1 might
assist to dissociate molecules in the buffer. On the other hand, peptide 2 containing hydrophobic residues of FFF formed sol-gel type hydrogels in all concentrations
(Fig. 2.4B). These observation suggested that FFF play important role in the process
of MAS to form a hydrogel [126, 127].
The presence of the nanostructure in the hydrogel was confirmed by TEM. TEM
images revealed that peptide 2 formed ribbon like nanostructures in PBS (Fig. 2.4C).
The ribbons were several µm in length and 143-162 nm in width. Though the hydrogel
of the peptide was not thick, it showed incredible MAS ability due to the hydrophobic
interaction and aromatic π-π stacking of FFF [126].
CD spectroscopy was conducted for predicting the conformation of the secondary
structure formed by the peptides. CD spectrum of peptide 1 showed no CD peak
(Fig. 2.4D), indicating no secondary structure presents in the clear solution as expected.
Whereas, peptide 2 showed 2 CD peaks with a negative peak at ∼200 nm and a positive
peak at ∼226 nm for all three concentrations (Fig. 2.4D). This observation suggests
that the peptide self-assembles into a β-sheet structure. Such β-sheet formation was
found in the FFF containing OFO peptide with a negative CD band at ∼198 nm and
a broad positive band at ∼225 nm as CD signatures [189].
Rheology was conducted to evaluate mechanical properties of the peptide hydrogels
as well as the PBS buffer used to dissolve the peptides. For characterization of the rheological property, PBS, peptide 1 and 2 were run for the dynamic strain sweep followed
by the dynamic frequency sweep. Both PBS and peptide 1 contained lower storage
modulus than loss modulus in the frequency sweep profile (Fig. 2.4E), indicating liquid
like property. On the other hand, peptide 2 comprised the maximum storage modulus
at 0.32 kPa and the critical strain at 0.154% suggesting a viscoelastic gel formation
(Table 2.2, (Fig. A30A). The dynamic frequency profile of peptide 2 displayed a higher
storage modulus of 0.2 kPa than a loss modulus of 0.03 kPa (Fig. 2.4E), an indication
of a solid like material of the hydrogel.
Peptide 3, 4, 5 and 6
Peptide 3, 4, 5 and 6 possess a IKLLI sequence that contains a positive charge K
that make the peptides hydrophilic in nature (Fig. 2.5A). To reduce the hydrophilicity,
a single F was added to peptide 4, FF was to peptide 5 and FFF was 6 (Fig. 2.5A).
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Figure 2.4: Characterization of self-assembly properties of peptides 1 and 2. A)
Amino acids of peptide 1 and 2 and their charges. B) Optical images of the hydrogels
of peptide 1 and 2. The concentration(s) of peptide 1 is 10 mg/mL and peptide 2 are
at 5, 8, and 10 mg/mL in PBS at pH 7.4. Images were taken after overnight incubation
at room temperature. C) TEM image of peptide 2 at 5 mg/mL in PBS. Scale bar, 100
nm. D) CD spectra of hydrogels of 1 (black) and 2 (colored) at the same concentrations
of the hydrogels. E) Oscillatory frequency sweep profile of PBS (control), peptide 1
and 2 at 10 mM in PBS at pH. The storage modulus is represented by G’ (filled
symbol) and loss modulus is represented by G” (open symbol). The optical images of
the corresponding hydrogels are on the inset.
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Figure 2.5: Characterization of self-assembly properties of peptides 3, 4, 5 and 6.
A) Amino acids of peptide 3, 4, 5 and 6 and their charges. B) Optical images of
hydrogels of peptides 3 to 6. The concentration of peptide 3 is 10 mg/mL and peptide
4, 5 and 6 are at 5, 8, and 10 mg/mL in PBS. C) TEM images of peptides 4 to 6 at 5
mg/mL in PBS. Scale bars, 100 nm. D) CD spectra of hydrogels of peptides 3 to 6 at
the same concentration of the hydrogels. E) Oscillatory frequency sweep of peptides
3 to 6 at 10 mM in PBS at pH 7.4. The storage modulus is represented by G’ (filled
symbol) and loss modulus is represented by G” (open symbol). The optical images of
the corresponding hydrogels are on the inset.
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The MAS property of peptide 3, 4, 5 and 6 were evaluated through hydrogel formation (Fig. 2.5B). Due to the hydrophilicity, peptide 3 did not form hydrogel even at the
highest concentration of 10 mg/mL in PBS at pH 7.4. After addition of F, peptide 4
formed suspension-like hydrogels at 5, 8 and 10 mg/mL in PBS. Increased number of F
in peptide 5 and peptide 6 improved MAS. At the same concentrations, both peptides
formed thicker hydrogels compared to those of peptide 4. This observation suggests
that the number of F influences the MAS ability due to increasing the hydrophobicity
and aromaticity inducing the harder hydrogel formation.
MAS guided nanofiber structures of 4, 5 and 6 were observed by TEM. TEM
images of these peptides revealed various mythologies in their secondary structures
(Fig. 2.5C). The fibers of all peptides were several µm in length with various widths
at the same concentration (5 mg/mL). The fibers of peptide 4 appear morphologically
ribbon-like flat structure might be generated from the side-wise interaction between
the fibers. Because the main chain of the fibers of peptide 4 contents the aromatic
group at one side only. While FF in peptide 5 have aromatic on two sides in their
main chain, thus forms fiber bundle comprising of several fibers. The FFF containing
peptide 6 results in the formation of twisted, rolled fibers (Fig. 2.5C). The aromatic
groups of the FFF projecting outwards with 3 directions. While coming closer, the
hydrogen bonding facilitates formation of the twisted and rolled fibers [126].
There was no CD peak formed in the peptide 3 due to the absence of self-assembly
(Fig. 2.5D). Whereas, peptides 4, 5 and 6 displayed negative CD peaks at 220, 228.6,
and 228.6 nm, respectively (Fig. 2.8D). Thermal treatment of both FF and FFF nanostructures has been shown to change the positive peak to negative at ∼210-220 nm, with
a typical anti-parallel beta-sheet structure [190]. The negative CD peaks observed for
peptides 4, 5 and 6 might be then considered to form anti-parallel β-sheets. The
CD signal reflects the interactions between the three-dimensional aromatic stacking
arrangement and the hydrogen-bonded cylinders of peptide main chains. The higher
negative CD peaks of peptide 5 and 6 correspond to the increased number of F. Though
the peptide 5 contains FF is less than 6 that contains FFF, the inter and intra-molecular
interaction between the peptides might be similar.
Peptide 3 and 4 displayed similar mechanical properties. Based on the frequency
sweep profiles, both peptides had lower storage moduli at certain point (Fig. 2.8E).
This observation suggests that the peptides are liquid. On the other hand, peptide 5
and 6 had higher storage moduli than loss moduli, suggesting both peptides are solidlike (Table 2.2, Fig. 2.8D) . There is no significant difference observed in the mechanical
property between FF and FFF containing peptides.
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Peptide 7, 8, 9 and 10
Peptide 7, 8, 9 and 10 contain positive charge K in their key sequences, IKVAV
(Fig. 2.6A). Similar to hydrophilic sequence (IKLLI) of peptides 3, peptide 7 is hydrophilic in nature. Hydrophilicity of the IKVAV was reduced gradually by adding F,
FF and FFF to yield peptide 8, 9 and 10 (Fig. 2.6A), which in consequence increased
hydrophobicity.
Due to the hydrophilic nature of peptide 7, it dissolved in PBS and did not form
hydrogel at 10 mg/mL concentration (Fig. 2.6B). Addition of a F to the IKVAV of
peptide 8 reduced solubility due to increasing hydrophobicity. Thus this peptide selfassembled and formed sol-gels at concentration of 5, 8 and 10 mg/mL (Fig. 2.6B).
At the same concentrations, peptide 9 formed relatively harder hydrogel (Fig. 2.6B).
Further increasing hydrophobicity, peptide 10 was hard to dissolve in the buffer, but
finally formed hydrogels (Fig. 2.6B).
TEM images of peptide 8 displayed that the peptide formed short to long nanotubes.
The short nanotubes are 50 nm and the longs are several µm in length (Fig. 2.5C).
Whereas, the FF containing peptide 9 showed completely different morphology in their
fibers. The fibers of this peptide are twisted and cylindrical thread like structures with
several µm in length (Fig. 2.5C). On the other hand, the nanotubes of peptide 10
resemble to those of peptide 8 in their morphology. Peptide 10 also formed both short
and long nanotubes (Fig. 2.6C). However, the molecular interaction due to the orientation of the aromatic groups in the peptide sequences might creates the morphological
variation.
CD spectra of all gels of peptide 8, 9 and 10 displayed negative peaks at ∼232 nm
(Fig. 2.6D), indicative of anti-parallel β-sheet formation. Similar results were observed
for peptide 4, 5 and 6. Control peptide 13 without F did not self-assemble thus did
not show CD band (Fig. 2.6D).
Similar to peptide 4 and 5, peptide 7 and 8 are liquid-like materials, as their loss
moduli become bigger than the storage moduli at certain point in the oscillatory frequency profiles (Fig. 2.6E). In contrast, peptide 9 contents higher storage modulus
0.57 kPa, than loss modulus 0.06 kPa at 0.039% strain (Fig. 2.6E, (Fig. A30C)), revealing the peptide behaves as solid material (Table 2.2). In comparison with peptide
9, peptide 10 also forms solid material, as the storage modulus 94 Pka is higher than
loss modulus 7 kDa at 0.109% stain (Fig. 2.6E, (Fig. A30C, Table 2.2). However, comparing their storage moduli in the frequency profiles, peptide 10 is mechanically more
solid than peptide 9 may come from different morphologies formation by the peptides.
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Figure 2.6: Characterization of self-assembly properties of peptides 7, 8, 9 and 10.
A) Amino acids of peptide 7, 8, 9 and 10. B) Optical images of hydrogels of peptides
7 to 10. The concentration of peptide 7 is at 10 mg/mL and peptides 8 to 10 are at 5,
8 and 10 mg/mL in PBS at pH 7.4. C) TEM images of peptides 8 to 10 at the same
concentration of 5 mg/mL in PBS. Scale bars, 100 nm. D) CD spectra of hydrogels of
peptides 7, to 10. D) Oscillatory frequency sweep of peptides 7 to 10 at 10 mM in PBS
at pH 7.4. The storage modulus is represented G’ (filled symbol) and loss modulus is
represented G” (open symbol). The optical images of the corresponding hydrogels are
on the inset.

44

Design and synthesis of self-assembling integrin ligands

Figure 2.7: Characterization of self-assembly property of peptides 11, 12, 213 and
14. A) Amino acid sequences of 11, 12, 13 and 14 and their charge. B) Optical
images of solution of peptides 11 to 14 at 20 mg/mL in PBS at pH 7.4. C) CD spectra
of the peptides 11 to 14 at the same concentration. D) Oscillatory frequency sweep
profiles of the peptides 11 to 14 at 10 mM in PBS at pH 7.4. The storage modulus is
represented by G’ (filled symbol) and loss modulus is represented by G” (open symbol).
The optical images of the corresponding solutions are on the inset.
Peptide 11, 12, 13, and 14
Peptide 11 and 12 comprised of PHSRN motif with positive charge of H and R.
This sequence is thus very hydrophilic (Fig. 2.7A). The FFF was added to the PHSRN
sequence of peptide13 to reduced the hydrophilicity. Another hydrophilic key sequence
PRG is present in peptide 13 and 14. Hydrophilicity of the PRG was reduced by the
addition of FFF to yield peptide 14 (Fig. 2.7A).
Peptide 11, 12, 13, and 14 were prepared hydrogels at 10 mg/mL in PBS at
7.4. None of them formed hydrogels (Fig. 2.7B). Peptide 11 and 13 are obviously
highly soluble in aqueous solution due to the strong hydrophilicity. Unexpectedly,
peptide 12 and 14 did not form hydrogel even though they are having self-assembly
FFF (Fig. 2.7B). The two positive charge residues of peptide 12 might keep the peptide
hydrophobic in nature. However, peptide 14 has one positive charge residue R. Besides
the R, there are P and G with a polar OH in both residues and a NH in P and NH2 in
G. These polar sites might improve the solubility even with having FFF in the peptide.
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As there were no self-assembly observed in these peptides, CD spectroscopy had not
produced any CD signal (Fig. 2.7C). Regarding the mechanical properties, all peptides
are liquid due to the absence of self-assembly (Fig. 2.7D).
Peptide 15 and 16
The YIGSR sequence is present in peptide 15 and 16 (Fig. 2.8A), which has a
positive charge R residue and they are thus hydrophilic in nature. Due to the hydrophilicity, peptide 15 did not form hydrogel. Hydrophilicity of YIGSR was reduced
by adding FFF yeilding peptide 16 that formed hydrogels in PBS (Fig. 2.8B). This is
due the aromatic-aromatic interactions of FFF present in peptide [126].
TEM images revealed that 16 formed cylindrical rod-shaped nanofibers with several
µm in length and almost uniform width (Fig. 2.8C). Simialr nanofiber structures were
found in the amphiphiles (PA) conjugated YIGSR peptide, where hydrophilic head
groups were away of the centralized hydrophobic tail [191]. Similarly, The FFF of 16
may contributes to form the central core structure and the bioactive sequence YIGSR
exposes to aqueous solution. The electrostatic interactions of YIGSR may drive to
form cylindrical shaped fibers.
Peptide 15 did not generate CD band as it did not self-assemble. However, the
hydrogels of 16 exhibited a broad negative CD band at ∼231 nm in all concentrations
(Fig. 2.8B). The CD band at the wavelength is relevant to amide n-π* transition and
is the lowest energy transition in the amide group [126].
Rheology analysis showed that peptide 16 holds 32.9 kPa of maximum storage modulus and 0.055% of the critical strain in the strain sweep profile (Table 2.2, Fig. A30),
determines the gel is viscus. Whereas, the frequency sweep profile with higher storage
modulus, 0.07 kPa and lower loss modulus 0.01 kPa (Fig. 2.8E), suggests the gel behaves as solid. The rheology property of peptide 15 was observed similar as those of
PBS, indicating the peptide is liquid.
Peptide 17, 18 and 23
Peptide 17 and 18 carry DGEA motif that has negative charge residues D and E
(Fig. 2.9A) and thus are hydrophilic. The hydrophilicity of peptide 18 was reduced by
linking FFF to the DGEA (Fig. 2.9A). Similarly, FFF was conjugated to peptide 23
containing a negatively charge D in the sequence of FFFGD for inducing self-assembly
(Fig. 2.9A).
The acidic residues D and E of peptide 17 contributed in dissociating the peptide in
the aqueous buffer resulted a clear solution (Fig. 2.9B). In contrast, peptide 18 and 23
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Figure 2.8: Characterization of self-assembly properties of peptides 15 and 16. A)
Amino acid sequences of peptide 15 and 16 and their charges. B) Optical images of
hydrogels of peptide 15 and 16. Concentration of peptide 15 is at 10 mg/mL and
peptide 16 is at 5, 8 and 10 mg/mL in PBS at pH 7.4. C) D) CD spectra of the
peptides 15 and 16 at the same concentrations as of the hydrogels. C) TEM images of
peptide 16 at the concentration of 5 mg/mL in PBS. Scale bars, 20 nm. D) Oscillatory
frequency sweep profile of peptides 15 and 16 at 10 mM in PBS at pH 7.4. The storage
modulus is represented by G’ (filled symbol) and loss modulus is represented by G”
(open symbol). The optical images of the corresponding hydrogels are on the inset.
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Figure 2.9: Characterization of self-assembly properties of peptides 17, 18 and 23.
A) Amino acid sequences of peptide 17, 18 and 23 and their charges. B) Optical
images of hydrogels ofthe peptides. Concentration of peptide 17 is at 10 mg/mL and
peptide 18 is at 5, 8 and 10 mg/mL in PBS at pH 7.4. C) TEM images of peptide 18
and 23 at the concentration of 5 mg/mL in PBS. scale bar 100 nm. D) CD spectra of
the peptides. Peptide 17 is at 10 mg/mL and peptide 18 and 23 are at the 5 mg/mL
in PBS. D) Oscillatory frequency sweep profile of the peptides at 10 mM in PBS at
pH 7.4. The storage modulus is represented by G’ (filled symbol) and loss modulus is
represented by G” (open symbol). The optical images of the corresponding hydrogels
are on the inset.
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formed hydrogels in PBS at pH 7.4. The gel of peptide 23 was comparatively thicker
at the same concentrations (Fig. 2.9B). Negative stained TEM images of peptide 18
and 23 revealed that both peptides formed morphologically similar nanofibers at the
same concentration. Th fibers were several µm long but deffer in widths (Fig. 2.9C).
Similar to other peptides without FFF, peptide 17 did not show CD peak (Fig. 2.9D).
Whereas, both peptide 18 and 23 displayed a positive peak centred at ∼222 nm, suggesting β-sheet formation (Fig. 2.9D). It is clear that the β-sheet structures are the
contribution from the aromatic group of FFF.
The frequency profile of peptide 17 showed that higher loss modulus and thus
characterized as liquid-like material (Fig. 2.9E). This is consistent after gelation test
and CD spectroscopy analysis. For peptide 18, the frequency profile contented higher
storage modulus (3.5 kPa) than loss modulus (0.02 kPa) at 0.015% strain, distinguished
as a solid-like material (Fig. 2.9E, Table 2.2). Similarly, the hydrogel of peptide 23 was
also solid due to the higher storage modulus at 0.039% strain (Fig. 2.9E, Table 2.2).
Peptide 19 and 20
Peptide 19 comprises of triple negative charge residues of EEE (Fig. 2.10A) and
is highly hydrophilic. Due to the hydrophilic nature of negative charge EEE, peptide
19 dissolved in PBS at a concentration of 10 mg/mL (Fig. 2.10B). Whereas, FFF was
added into EEE to optimize the hydrophilicity of peptide 20 and formed hydrogels
in a concentration-dependent manner (Fig. 2.10B). At low concentration, 5 mg/mL
in PBS at 7.4, the peptide self-assembled into clear viscus gel. When concentration
was increased, an opaque suspension was formed. The presence of more molecules
at the higher concentrations might induce strong hydrogen bonds with π-π stacking
interaction might result the opaque hydrogel.
Negative stained TEM images confirmed the formation of nanostrutcures in the
hydrogel of the peptide 20. The nanostrutcures are several µm in length but varies
in width (Fig. 2.10C). The width of the flat nanostructure are varies within the range
of 24-135 nm. CD spectroscopy also supported the presence of secondary structure
of peptide 20 by displaying strong positive peaks at ∼220 nm at all concentrations
(Fig. 2.10D). This observation corresponds to the β-sheet structure. When concentration was increased to 8 and 10 mg/mL, the intensity of the CD peaks reduced, might
be due to the increasing trend of turbidity. No CD peaks appeared for peptide 19
proving that there is no self-assembly formed by this peptide (Fig. 2.10D).
Peptide 19 was considered as liquid based on the frequency profile with the lower
storage modulus than loss modulus. This result is consistent with those of CD spectrum. The solid like material was identified for peptide 20 from the frequency profile, in
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Figure 2.10: Characterization of self-assembly properties of peptides 19 and 20.
Characterization of self-assembly properties of peptides 19 and 20. A) Amino acid
sequences of peptide 19 and 20 and their charges. B) Optical images of hydrogels of
peptide 19 and 20 in PBS at pH 7.4. C) TEM images of peptide 20 at the concentration
of 5 mg/mL in PBS. Scale bar, 200 nm. D) CD spectra of the peptides 19 and 20 at
the same concentration as of the hydrogels. D) Oscillatory frequency sweep profile of
peptides 19 and 20 at 10 mM in PBS at pH 7.4. The storage modulus is represented
by G’ (filled symbol) and loss modulus is represented by G” (open symbol).
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Figure 2.11: Characterization of self-assembly properties of peptides 21 and 22. A)
Amino acid sequences of peptide 21 and 22 and their charges. B) Optical images of
hydrogels of the peptides. Concentration(s) of peptide 21 is at 10 mg/mL and peptide
22 are at 5, 8 and 10 mg/mL in PBS at pH 7.4. C) TEM images of peptide 22 at the
concentration of 5 mg/mL in PBS. Scale bar, 100 nm. D) CD spectra of the peptides
at the same concentrations as of the hydrogels. D) Oscillatory frequency sweep profile
of the peptides at 10 mM in PBS at pH 7.4. The storage modulus is represented by
G’ (filled symbol) and loss modulus is represented by G” (open symbol).
which the storage modulus was higher than loss modulus at 0.077% strain (Fig. 2.10E,
Table 2.2, Fig. A31B).

Peptide 21 and 22
Peptide 21 and 22 have the common MDG sequence that bears negative charge D
(Fig. 2.11A). Peptide 21 showed good solubility in PBS at 10 mg/mL in PBS at pH 7.4
(Fig. 2.11B), because of the negative charge residue D. Whereas, the FFF containing
peptide 22 formed gel at 5, 8 and 10 mg/mL in PBS at pH 7.4 (Fig. 2.11B). This is
because of aromatic interaction of FFF leads to form self-assembly.
TEM confirmed the self-assembly nanofiber structures of peptide 22 at 5 mg/mL
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in PBS at pH 7.4 (Fig. 2.11C). The length of the fibers are several µm but their widths
vary. The physical appearance of the fibers of peptide 22 looks smooth and glass-like.
The presence of the secondary structures in the gels was confirmed by CD spectroscopy.
On the other hand, no CD peak observed for peptide 21 as it had no self-assembly
property. In contrast, all concentrations of the hydrogels of peptide 22 displayed a
negative CD peak at ∼232 nm (Fig. 2.11D) indicating anti-parallel β-sheet structure,
similar to other peptides. CD peaks in the range of 210-230 nm were observed in
peptides due to the of n-π* energy transition in the amide group [126].
Regarding the mechanical property, Peptide 22 is solid-like materials based on the
higher storage modulus of the frequency spectra (Fig. 2.11F). Conversely, the frequency
profile with higher loss modulus suggests that peptide 21 is liquid (Fig. 2.2).
Peptide 24 and 25
Both peptide 24 and 25 contain a DGR motif that has a negative charge D and
a positive charge R (Fig. 2.12A). However, hydrophobic FFF was included to the the
DGR of peptide 25 to induce self-assembly (Fig. 2.12A).
Self-assembly property of peptide 25 was proved by forming hydrogel in PBS. Peptide 25 formed hydrogels in a concentration-dependent manner. At 5 mg/mL concentration, the peptide self-assembled into clear viscus gel. When the concentration was
increased to 10 mg/mL, an turbid suspension was formed. On the other hand, peptide
24 without FFF did not form hydrogel (Fig. 2.12B). Instead, this peptide dissolved
into the buffer due to the charges residues. Negative stained TEM images revealed that
the self-assembled peptide 25 forms several µm long fibers (Fig. 2.12C). The fibers are
single or multiple bundles. The width of a single fiber bundle is 24 nm. When 3 single
fiber bundles combine together, the fiber becomes 72 nm wide. CD analysis proved the
secondary structure formation of peptide 25 by displaying a strong positive CD peak
at ∼225 nm for all concentrations. This CD peak corresponds to the β-sheet structure
(Fig. 2.12D). No self-assembly was detected in the CD of peptide 24 (Fig. 2.12D).
Peptide 24 was considered as liquid because of the smaller storage modulus in the
frequency profile (Fig. 2.12E). This result is consistent with those of CD spectrum. For
peptide 25, frequency profile contented higher higher storage modulus (0.01 kPa) than
loss modulus (0.001 kPa) (Fig. 2.12E), indicated a solid material (Fig. 2.2).
Peptide 26 and 27
Peptide 26 and 27 comprise of a negative charge D and a positive charge R sequence
PDSGR (Fig. 2.13A). Self-assembly residue FFF was added to the PDGSR for peptide
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Figure 2.12: Characterization of self-assembly properties of peptides 24 and 25. A)
Amino acid sequences of peptide 24 and 25 and their charges. B) Optical images of
hydrogels of peptides 24 and 25 in PBS at pH 7.4. C) TEM images of peptide 25 at
the concentration of 5 and 10 mg/mL in PBS. Scale bar, 100 nm. D) CD spectra of the
peptides at the same concentrations as of the hydrogels. D) Oscillatory frequency sweep
profile of peptides at 10 mM in PBS at pH 7.4. The storage modulus is represented by
G’ (filled symbol) and loss modulus is represented by G” (open symbol).
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Figure 2.13: Characterization of self-assembly properties of peptides 26 and 27. A)
Amino acid sequences of peptide 26 and 27 and their charges. B) Optical images of
hydrogels of the peptides at 20 mg/mL in PBS at pH 7.4. C) CD spectra of the peptides
at the same concentrations as of the hydrogels. D) Oscillatory frequency sweep profile
of peptides at 10 mM in PBS at pH 7.4. The storage modulus is represented by G’
(filled symbol) and loss modulus is represented by G” (open symbol).
27 (Fig. 2.13A). To test the self-assembly property, both peptides were dissolved in
PBS at 20 mg/mL at 7.4. None of them formed hydrogels (Fig. 2.13B). Due to the
absence of self-assembly, the peptides did not produced any CD peaks (Fig. 2.13C).
Regarding the reological analyses, both peptides were liquid (Fig. 2.13D).

Peptide 28 and 29
Peptide 28 and 29 content RGD sequence with a positive charge R and a negative
charge D (Fig. 2.14A). Self-assembly was introduced to peptide 29 by adding FFF
(Fig. 2.14A). Self-assembly of these peptides was tested by forming hydrogel in PBS
at physiological pH. Peptide 28 did not form hydrogel at 10 mg/mL in PBS at pH
7.4. Whereas, peptide 29 formed hydrogels at concentrations of 5, 8 and 10 mg/mL
(Fig. 2.14B). TME of peptide 29 revealed the morphological of the nanofibers. The
fibers are several µm long with varying widths. The width of thin fiber is 5 nm and
the thick one is 21 nm. The thick fibers are twisted and cylindrical (Fig. 2.14C). CD
of peptide 29 supported the presence of secondary structures in the hydrogels and
exhibited positive CD peaks at ∼223 nm. This is because of FFF leading self-assembly
guided hydrogel formation. No CD bands appeared for peptide 28 as it did not form
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Figure 2.14: Characterization of self-assembly properties of peptides 28 and 29. A)
Amino acid sequences of peptide 28 and 29 and their charges. B) Optical images of
hydrogels of the peptides. Concentration(s) of peptide 84 is at 10 mg/mL and peptide
and 29 are at 5, 8 and 10 mg/mL in PBS at pH 7.4. C) TEM images of peptide 29 at
the concentration of 5mg/mL in PBS. Scale bar, 50 nm. D) CD spectra of the peptides
at the same concentrations as of the hydrogels. D) Oscillatory frequency sweep profile
of peptides at 10 mM in PBS at pH 7.4. The storage modulus is represented by G’
(filled symbol) and loss modulus is represented by G” (open symbol).
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2.4 Conclusion
Table 2.2: Mechanical property of the gel forming peptides.
Peptide G0 a (kPa) Y0 b (%)
G’ c (kPa) G” c (kPa)
2
0.32
0.154
0.2
0.03
4
0.03
1.19
0.08
0.01
5
38.9
0.055
26.6
2.3
6
102.9
0.077
59.6
4.5
8
0.039
0.428
0.06
0.005
9
109.6
0.109
94
7
10
8.41
0.039
0.57
0.06
16
32.9
0.055
0.07
0.01
18
12.5
0.015
3.5
0.03
20
618.6
0.039
81.4
9.2
22
53.7
0.077
39.9
2.9
23
81.3
0.039
70.9
5.4
25
0.57
0.014
0.01
0.001
29
4.31
0.039
3.1
0.5
a
The maximum modulus in the linear range of the strain
c
The modulus taken at the frequency of 10 rad/s.

Property
viscoelastic, solid-like
viscoelastic, liquid-like
solid-like
solid-like
viscus, solid-like
elastic, solid-like
elastic, solid-like
solid-like
unstable, solid-like
solid-like
solid-like
solid-like
viscus, solid-like
solid-like
sweep, b The critical strain,

hydrogel (Fig. 2.14D). Rheology study of the hydrogels of 28 and 29 at 10 mM in
PBS clarified as liquid and solid, respectively (Fig. 2.2). Because, the loss modulus is
higher than the storage modulus in peptide 28, while this is opposite for peptide 29
(Fig. 2.14E).

2.4

Conclusion

The natural hydrophobic amino acid, phenylalanine (F) is an important building
block for in the process of MSA through the intermolecular π-π via the aromatic
groups [192]. By implementing F(s), we also observed F(s) containing peptides such as,
peptides 2, 4, 5, 6, 8, 9, 10, 16, 18, 20, 22, 23, 25 and 29 self-assemble forming into
diverse nanostructures, such as ribbon-like fibers, cylindrical nanofibers, nanotubes,
glass-like, and twisted fibers [171, 192]. The nanofibers were several µm long but their
width varied a lot, ranging from 5 nm to 160 nm indicating distinct molecular packing
via different intermolecular physical interactions.
But, there are some exceptions found in peptides 12, 14 and 27, though they contain hydrophobic FFF. The FFF is supposed not enough to optimize the hydrophilicity
of their key functional sequences PHSRN, PRG, and PDSGR for MSA at optimal concentrations. The peptides with key functional sequences without self-assembly building
block F, such as peptides 1, 3, 7, 11, 13, 15, 17, 19, 21, 22, 26 and 28 do not self-
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assemble and have no secondary structure observed at optimal concentrations.
CD spectra were applied in the characterization of MSA of designed peptides. It has
been reported that the π-π interaction oriented self-assembly of (F)s-based molecules
often form parallel/antiparallel β-sheets or random coils [193]. However, the CD spectra
of our peptides are quite different. And there’s no signature peaks represent classic
structures like α-helix or β-sheet. Besides that the CD spectra were quite different
from molecules, all peptides show major peaks within the wavelength range of 223232 nm either at positive or negative mode reflecting the component of F(s) building
blocks. Different from reported (F)s-based MSA design that (F)s building block made
essential contribution in dominating the molecular packing mode for typical (F)s-guided
nanostructures, (F)s was mainly used to adjust the overall molecular solubility. The
π-π interaction oriented intermolecular force is not strong enough to dominate the
final assembling morphology. And this is the reason why by changing the peptide
sequence of peptide ligands, even bearing the same self-assembling building block,
distinct nanostructures were formed.
MSA containing peptides not only stabilize molecular stability but also contain
important mechanical properties such as hardness, solid, liquid and elastic. Through
rheology analyses, we observed MSA peptides have elasticity in the range of 0.03610.6 kPa and are categorized as solid-like material. The lower elasticity with <0.1
kPa were observed for the peptides 2, 25, 8, and 14 (Table 2.2). Whereas, higher
elasticity with >1 kPa was found in the peptides 4, 8, 11, 12, 15, 16, 18, 26, 27
and 29 (Table 2.2). The mechanical property of a material has been shown to have
important biomedical application. Especially the low elastic matrices with 0.7-1 kPa
displayed anti-metastatic effects [4, 5]. Other peptides those do not contain FFF are
liquid. These peptides include 1, 3, 7, 11, 13, 15, 17, 19, 21, 22, 26 and 28. This is
observed that self-assembling peptides not only improve molecular stability but possess
important mechanical property.

Chapter 3
Evaluation of anti-cancer and
anti-metastasis effects of MSA
peptides
3.1

Introduction

Evaluation of biofunctional property of new compounds is necessary to identify
them as validated hits [194]. There are some world standard assays, such as propidium iodide (PI) assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay, and wound healing assay have been applied for the evaluation. PI and
MTT assays are used for measuring cell viability. The basic principle in the assessment
of cell viability by PI is to stain dead cells as a result of porous membrane and that
applies flow cytometry [195]. MTT principle is based on the mitochondrial activity
only occurs in the live cells. Whereas, wound healing assay is used for cell migration evaluation [196]. Simply, these assays are very quickly employed for evaluation of
promising candidates from a library.
Cell viability determines the ability of the cells remain viable or live. This viability
can assess whether a compound is toxic to cells. Based on the assessment, a compound
can be identified as a cell type specific, dose dependent/independent, time dependent/independent or potent toxic. Peptide-based compounds are usually non-toxic
due to the biodegradability that breaks down into safe fragments [197]. Especially
the peptide those comprised of natural amino acid residues and can be used a as safe
materials for cells.
Self-assembled molecules especially peptides mimic ECM proteins can regulate cell
migration and are relevant to treating cancer cell migration. Cancer cell migration is
57
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the first step of cancer invasion and metastasis [198]. Self-assembling peptides show remarkable anticancer activity via migration inhibition [199]. A laminin-derived peptide
YIGSR, in multimeric form, prevented metastasis of human pre-B ALL cells (NALM6)
in SCID mice [200]. This multimeric petide was also effective in inhibiting angiogenesis,
tumour growth and lung colonization of HT1080 cells in mouse model [201]. The spontaneous metastasis inhibition in mice was shown by a prototypic tumor-penetrating
iRGD containing CRGDKGPDC peptide [202]. Due to the successful usage of peptides in treating cancer, target-based potent anti-cancer peptides are still demanding
in clinical application.

3.1.1

Metastasis: invasion and migration

Tumor metastasis, the ability of cells to invade, migrate and colonize distant organs
from the primary site, is a major cause of cancer-related death [203]. Approximately
90% of cancer-related deaths are caused by the metastases [204]. The primary steps of
the metastasis are tumor cell invasion and migration. Functionally, tumour cells invade
within tissue or to neighbouring tissues and enter into blood stream. Through blood
vessel they migrate distal part where they stabilize colonies of secondary tumors [205].
To understand metastatic activity, 2D and 3D in vitro assays have been successfully
implemented. Additionally, the 3D spheroid model which is relevant to animal model
might be impressive to understand tumor metastasis through spheroid growth and cell
spreading/dissemination [205].

3.1.2

Exosome in cellular communication

Intercellular communication among cells within the tumor and at distant sites is
critical for the development and progression of cancer. Exosomes have emerged as potential regulators of intracellular communication in cancer. Exosomes are nanovesicles
released by cells, which contain biomolecules and are exchanged among cells. Exchange of biomolecules through the exosomes among the cells implicates in a number
of processes critical for tumor progression [206–208]. Therefore, recently, exosomes are
used as biomarkers for cancer diagnosis [209]. Due to the implication in the disease
progression, exosomes are thus increasing interest for a therapeutic target.

3.1.3

Peptides in anti-metastasis treatment

Unlike other therapies, peptide-based therapies show promising tools in both in
vitro and in vivo experimental models due to their binding specificity, low molecular
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weight, and low toxicity in normal tissues [210]. Peptide-based therapy also enhances
the immune response to kill tumor cells, thus can be used in advanced cancer patients
which improves patients overall survival. Food and Drug Administration (FDA) has
approved over 60 peptide-based drugs and they are in different stages of the clinical
trial [148]. Yang (2015) in his review article mentioned several peptide-based drugs
discovered last ten years have been used for treating number of cancers [210]. A YIGSR
sequence located in the laminin β1 chain inhibited angiogenesis and tumor metastasis
[211]. The laminin-derived YIGSR was identified as a binding site for integrin α4β1,
and other receptors such as 67 kDa, 38kDa, and 36 kDa [187]. The anti-angiogenesis
and anti-metastasis activities are supposed to be accomplished through binding with
these receptors.

3.1.4

Xenograft tumor model

Animal models play important roles in drug development and studying of molecular,
biological mechanism. Xenograft model of human cancer is utilized to screen out and
evaluate for candidates of new anticancer agents. Using human tumor cell lines to
generate xenograft tumors are widely used to evaluate therapeutic efficacy and toxicity.
Different kinds of tumor cells, such as metastatic cells can be easily adopted for the
evaluation and prediction of cancer progression.
In the discovery of anticancer drugs, standard animal model saves time and money
and provides evidences to support clinical trials. This model is reproducible. Using
human cancer cell lines, the reproducible rate of the xenograft model is over 90% [212].
This model mimics the human tumor environment. Therefore, many researchers used
the xenograft model for preclinical evaluation of the anti-cancer agents to determine
the therapeutic potential.
In this project, identification of the validated hit from the MSA peptides library
was achieved through PI and MTT assays on several cancer cells as well as stroma cells.
Through these assays, we identify two cancer specific toxic peptides 5 and 6 contain
IKVAV motif derived from laminin chain. These peptides show potent toxicity to HeLa
cells. We also conducted wound healing assay to evaluate migration inhibition of the
peptides. Wound healing results showed that peptides 5, 6, 9, 10 and 16 inhibit cancer
specific cellular migration. Our results shown that the positive charge functional motifs
derived from laminin are cancer specific potent inhibitors against migration. Inspiring
from the receptor binding specificity, and considering the potent migration inhibition
activity, peptide 5 (FF incorporating laminin derived IKLLI motif) was further used
for evaluation of invasion, spheroid growth and spreading, as well as exosome secretion.
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The results showed that this peptide inhibits almost 100% tumor cell invasion, 50%
spheroid growth and 80% spheroid cell spreading. Additionally, this peptide suppresses
exosome secretion into the culture medium. In the in-vivo, the peptide shows dose
dependent tumor growth inhibition. At higher doses such as 25 and 50 mg/kg body
weight, this peptide diminishes HeLa tumors, but is less effective against MCF-7/GFP
tumor growth.

3.2

Materials and Methods

Materials
Molecular probes, such as ActinRed 561 Ready Probes Reagent, ActinGreen 488
Ready Probes Reagent, and NucBlue Fixed Cell Ready Probes Reagent were purchased
from Life Technologies (Thermo Fisher Scientific, USA). ATP kit (CellTiter-Glo 3D
Cell Viability Assay Kit) was purchased from Promega (Madison, USA). Exosome
isolation kit was purchased from Invitrogen.
Instruments
Optical image of cells was taken using a Nikon ECLIPSE Ts100 microscope. The
Flow cytometry data were generated using an Amnis ImageStreamflow cytometer (Luminex, Merck Millipore). Cell migration and spheroid growth were monitored using
an IncuCyte S3 incubator (Essen BioScience). SEM photographs were imaged on FIB
SEM and FEI Quanta 250 (Thermo Fisher Scientific). Confocal images were taken
using a Nikon A1 microscope. Absorbance of MTT was measured using a Nivo multimode plate reader (PerkinElmer). The western blot membrane was imaged using a
Fluorescence image analyzer LAS-3000 (FujiFilm/GE). Blood samples were analyzed
using a HM5 hematology analyzer(Abaxis).
Cell culture
HeLa (cervical cancer cell), HS-5 (stroma cell), Huh-7 (hepatoblastoma), Hep G2
(hepatocellular carcinoma), PANC-1 (pancreatic carcinoma) and SKOV-3 (ovary adenocarcinoma) cell lines were purchased from American-type Culture Collection (ATCC,
USA), and NIH:OVCAR-3 (adenocarcinoma) cell line from Riken Cell Bank. Cell culture was performed based on ATCC recommended protocol. Incubation was carried
out at 37 o C with a humidified atmosphere supplemented with 5% CO2 . The cells used
for the following bio-assays were below 15 passages.
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2D Cell viability test using Propidium iodide (PI) assay
All 29 peptides were tested on HeLa and HS-5 cell lines to evaluate their apoptotic
effects. Cells in exponential growth phase were seeded in a 6-well plate at a density of
1x105 cells/well in 2 mL regular culture medium and allowed them to adhere overnight.
The culture medium was aspirated followed by addition of 2 mL of 50 and 100 µM of
each peptide freshly prepared in the culture medium and exposed for 24, 48 and 72 h.
After the exposure, cells were imaged using a Nikon ECLIPSE Ts100 microscope at 10X
objective with aperture 10. Cells medium was collected into a tube and the cells were
detached with trypsin and collected into the same tube. The medium was removed
after centrifugation to obtain cell palette. The palette was resuspended in 50 µL of cell
imaging solution containing Hoechst and PI of Live-dead staining kit (ThermoFisher
Scientific) and kept in dark for 30 min. Hoechst stained all cells (both live and dead
cells), while PI stained the dead cells. The strained cells were counted using an Amnis
ImageStream flow cytometer (Luminex, Merck Millipore) with two lasers: 405 nm for
Hoechst and 488 nm for PI. During acquisition with the flow cytometer, 20,000 events
were collected after gating-out debris and residuals of the dead cells. The raw data
were generated as .rif, .cif and .daf files. The raw data were analyzed using an IDEAS
6.2 software and produced dot plots. The dot plots contained the portions of live and
dead cells. The final outcome was presented as in percentages of live and dead cells
[213].
2D Cell viability test using 3-(4,5)-dimethylthiahiazo (-z-y1)-3, 5- diphenyltetrazolium bromide (MTT) assay
Peptides 6, 7, 9 and 10 were tested to evaluate their cytotoxic effects using MTT assays. These peptides were tested on HeLa, Hep G2, HS-5, Huh-7, MNK-7, NIH:OVCAR3 and PANC-1 cell lines. Cells were seeded in 96-well plates at a density of 1x104
cells/well. The cells were incubated overnight at 37 o C with 5% CO2 . Medium was
replaced with 100 µL of five concentrations such as 5, 10, 25, 50 and 100 µM of each
peptide. The working concentrations were immediately prepared from 10 mM stock.
Cells were then exposed for 24, 48 and 72 h. After the desired time of exposure, 10 µL
of MTT solution at a concentration of 5 mg/mL was added to each well and incubated
at 37 o C for another 4 h. The reduction reaction was stopped by adding 100 µL of
10% of SDS solution (in Milli-Q) and incubated overnight to dissolve the formazan
crystals generated by the living cells. The optical density of the formazan solution
was measured by a Nivo multimode plate reader (PerkinElmer) at 570 nm wavelength.
All experiments were conducted in triplicate. The results were calculated as mean ±
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standard deviation and expressed as cell viability in percentage

Wound healing assay
Wound healing assay was conducted to assess migration effects of the peptides on
HeLa, HS-5, Huh-7, PANC-1/GFP and SKOV-3 cell lines. Healthy cells were seeded
in 96-well Image Lock plates (Essen BioScience, UK). Each well contained 3.5x104
cells in 100 µL of the regular medium. After reaching approximately 90% confluence,
cells were serum starved overnight in media containing 2% FBS. Homogenous scratch
wounds 700-800 µm wide were made using a WoundMaker (Essen BioScience). The
detached cells were washed with the low FBS media for 3 times. Cells were incubated
with 100 µL of 25, 50 and 100 µM concentrations of each peptide freshly prepared in
the low FBS media. These same media were used as control experiments. Cellular
migration corresponding to wound closure was monitored by acquiring images every
4 h over 24 h using the 10x objective of IncuCyte S3 incubator (Essen BioScience).
IncuCyte Scratch Wound Analysis module was used to quantify the wound healing rate
(in percentage) corresponding to relative wound density. The results were presented
as mean ± standard deviation of 3 independent experiments.

Matrigel invasion assay
The invasive property of HeLa cells was accessed using a matrigel invasion assay. For
this assay, a 24-well Transwell plate (Costar, Corning) was used. The upper invasion
chamber of the wells was coated with 1 mL of 200 µg/mL of Matrigel (Matrigel™
Basement Membrane Matrix, BD Bioscience) and incubated at 37 o C for 2 h. After
removing the liquid, 500 µL of 2.5x104 cell suspension prepared in FBS free culture
medium and in three concentrations of 25, 50 and 100 µL of peptide 5 in FBS free
culture medium was added to the invasion chamber. The lower chamber was filled
with 750 µL of 10% FBS containing culture medium as a chemoattractant. The cells
were incubated for 48 h to allow them for invasion. The non-invading cells were removed
from the Matrigel coating side of the invasion chamber using a wet cotton swab and
the invaded cells were fixed with 100% MeOH for 10 min. The cells were stained with
0.25% crystal violet solution (prepared in MeOH) for 15 min. After being washed with
MilliQ for 5 times, the chambers were allowed to air dry overnight. The stained cells
were imaged under an inverted microscope at a magnification of 100X. The ImajeJ was
used to quantify the cell numbers.
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3D spheroid culture
HeLa-gfp cells ware used to grow 3D spheroid in 5% FBS containing DMEM into
an ultra-low adhesion 96-well U plate (Corning). Each well was filled with 100 µL of
medium containing approximately 150 cells. The cells were cultured until the size of
spheroid reaches approximately 533 µm in diameter. During spheroid growth, 50 µL
(50% volume) of the old medium was replaced with the same volume of fresh medium
carefully without disturbing the growing spheroid on every 3 days.
3D spheroid assay
After obtaining the desired size of spheroids, 50 µof the medium was removed from
the wells very gently and the same volume of double concentrations of 5 was added
in each well very carefully. The working peptide concentrations were freshly prepared
in 5% FBS containing DMEM. After adding into the wells, the final concentrations of
the peptides became 50, 100, 200, 300, 400 and 500 µM. The growth of spheroids was
imaged every 6 h over 72 h using 4x objective of IncuCyte S3 (Essen BioScience). The
area of spheroid in µm2 of each time point was analyzed using IncuCyte S3 Spheroid
analysis module. Data are presented as mean ± standard deviation of six replicates.
3D spheroid ATP assay
After the last scan of spheroid treatment for 72 h, 50 µL of ATP contents substrate
(CellTiter-Glo 3D Cell Viability Assay Kit, Promega, Madison, USA) was added into
each well and mixed thoroughly by pipetting with multichannel pipette. After incubating at 37 o C for 30 min, the liquid was transferred into black flat bottom 96well plates and the luminescence was measured using by Nivo multimode plate reader
(PerkinElmer). The results are presented as cell viability in percentage based on the
luminescence intensities that correspond to ATP content of the cells. Data represent
mean ± standard deviation of three six replicates.
3D spheroid cell spreading assay
After obtaining the desire size, 20 spheroids were transferred into plain 35 mm
dishes containing 1 mL of 200 µM of peptide 5. The final concentration was adjusted
100 µM. Each spheroid with 50 µL medium was transferred using the large opening
pipette tips. The spheroids were incubated with peptide 5 for three days. The area of
Huh-7 spheroids was calculated using the following formula: A=πr2 , where A is area
and r is radius of the spheroids. Whereas, the area of HeLa spheroid (in µm2 ) of each
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time point was calculated manually using the following formula: π*a*b, where a is long
radius and b is short radius of the spheroids. Data are presented as mean ± standard
deviation of three replicates.
Focused ion beam scanning electron microscopy (SEM)
After proper treatment of the 3D spheroids of HeLa cells with 200 µM of peptide 5
for 72 h, medium was removed with pipette and the spheroids were washed with cold
PBS carefully for three times. The spheroids were fixed with 4% formaldehyde for 1 h
at room temperature and washed with PBS three times. Afterwards, the tumors were
treated with 5% 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) ionic liquid
(Toyo Gosei Kogyo Co. Japan) overnight. Before using for FIB SEM, the excess liquid
of the samples was dried up using tissue paper. Conductive tape was used to prepare
SEM samples. A FIB SEM Helios NanoLab 650 software was used to acquire images.
Exosome and dead cells quantification assays
One million cells were seeded in a 10 cm dish in 7 mL of the regular culture medium
and incubated overnight. The cells were serum starved with the same volume of FBS
free medium and incubated for 24 h. Cells were treated with 50 µM of 7 mL of peptide
5 for certain times. After the desire time points, exosomes from each experiments were
extracted from the culture medium using a total exosome isolation kit (Invitrogen,
cat. no. 4478359) following the manufacturer protocol. Briefly, the culture medium
was harvested and centrifuged at 200xg for 30 min to remove the debris. The culture
medium was transferred into a new tube. A half of sample volume that is 3.5 mL
of reagent was added into the tube and mixed by a vortex and incubated at 4 o C
overnight. The sample was centrifuged at 10,000xg for 1 hour at 4 o C. Supernatant
was discarded carefully without touching the bottom of the tube. The palette was
resuspended in 50 µL of reagent. Concentration of the exosome was measured using
NanoDrop 2000 at 280 wavelength. Meanwhile, cells were trypsinized, centrifuged,
resuspended in 500 µL of PBS, and small volume, such as 10 µL was stained with
tryphan blue to stain dead cells. The number of dead and total cells were counted
using a cell counter (ThermoFisher). Data represent mean ± standard deviation of
three independent experiments.
Xenograft tumor
Animal experiments were conducted in accordance with Animal Care and Use guidelines approved by Animal Resources Section of OIST Graduate University. Adult fe-
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male BALB/c-nu/nu mice at their age of 4 weeks were purchased from Breeder Japan
SLC. Briefly, HeLa and MCF-7/GFP cells at a density of 1x106 cells were seeded on
100 mm dishes in the afternoon. Next day morning cells were harvested with serumfree medium, number of cells were counted and resuspended in the same medium at a
concentration of 1x106 cells/100 µL. All the syringes (TEMURO insulin syringes) were
first filled with the 100 µL cell suspension. HeLa cells were subcutaneously injected on
the right flank, whereas, MCF-7/GFP cells were in the mammary fat pad of 6 weeks
old mice. Tumor growth was monitored every three days. When tumor sizes reached
approximately 5 mm in diameter, treatment with peptide 5 begun. Each group contented 3 mice for both cell lines. Three doses, such as 10, 25 and 50 mg/kg body
weight for cervical tumor and 25, 50 and 100 mg/kg body weight for breast tumor
were prepared in DPBS. A commercial anti-cancer drug Cisplatin (CDDP) and DPBS
were used as controls. The doses were injected every 3 days in one side of the tumor
and in the opposite side for the next interjection. Before injection, body weight and
tumor size were recorded. Tumor volume was calculated using the following equation:
V=(A2 x B)/2; Where, A is the width (in mm) and B is the length (in mm) of the
tumor [214]. Mice were sacrificed on the third day of the last dose. Tumors were
collected and washed with DPBS and processed further for paraffin embedding.
Tumors were fixed in 4% paraformaldehyde (PFA) for 3 days, dehydrated in series
of EtOH gradient at 80% for 3 days, 95% for 2 h and 100% for 2 h. The tissues were
cleaned by exchanging EtOH with xylene in the 1:1 EtOH:xylene for 2 h, 100% xylene
for 2 h and one more 100% xylene for another 2 h. Tissues became transparent in this
step. All works related to xylene were done under a hood due to the toxicity of xylene.
The tissues were infiltered with paraffin by exchanging xylene in the 1:1 xylene:wax
solution for 2 h, 100% wax for 2 h and 100% wax overnight. Wax infiltration steps were
conducted at 60o C in oven. After infiltration overnight, the tissues were embedded
to prepare blocks using a tissue embedding machine (Leica) at Masai Unit, OIST.
Embedding was done at 60o C and cold down at 4 o C several h.
Hematological analysis
For hematology study, approximately 75 µL blood was collected 24 h before and
after injection of the first dose though tail incision. Tail was massage very gently
by fingers to collect blood. Heparin-coated capillary was used to draw the blood in
a EDTA-2K blood collection tube (Health Wave Japan). The blood samples were
immediately used to measure the hematology parameters including hemoglobin concentration, hematocrit, number of red and white blood cells and platelets using an
HM5 hematology analyzer (Abaxis).

66

Evaluation of anti-cancer and anti-metastasis effects of MSA peptides

Tissue sectioning
Tissue sectioning was done using a microtome (Leica). Before sectioning, tissue was
harden at 4 o C for several hours, moisten with wet tissue for 1-2 min, mounted into
the cassette holder and trimmed the block. The final thickness of the section was set
5 µm that is resemble to the thickness of a single cell. The sections were put on water
bath warmed at 37 o C contents 0.1% acetic acid to prevent wrinkles. The sections were
taken on the glass slides and dried at 37 o C several h to overnight and stored at room
temperature. The sections of the tissues were baked at 60 o C for 4 h for performing
immunohistochemistry.

3.3
3.3.1

Results and discussion
The cytotoxicity of MSA peptides

PI assay: The PI assay is a reliable, high throughput method was implemented
for screening the toxicity of the peptide library on HeLa and HS-5 cell lines. The cytotoxicity of the peptides was measured on concentration and time-dependent manners.
All 29 peptides with 50 and 100 µM concentrations were exposed on the cells for 24, 48
and 72 h. After the exposures, cells were stained with Hoechst and PI. Hoechst stained
both live and dead cells, whereas, PI stained only dead cells. The dead cell counts of
each samples were were achieved after Flow cytometry data analysis. The cytometry
results revealed that 25 peptides are non-toxic to both cell lines (Fig. A40) (Fig. A41)
and 4 peptides such as peptides 5, 6, 9 and 10 are toxic. Primarily, these 4 peptides
showed cytotoxic effects only on HeLa cells but not on HS-5 cells. But these results
were artifact, which occurred from the peptide self-assemble nanofibers attached on
the cell membrane. To evercome the problem, we used strainers with 40 µm mesh
size (Corning) through which the cells could be isolated the nanofibers. Unfortunately,
the strainer did now work because the nanofibers strongly attached to the cells. While
staining the cells with PI, the nanofibers were also stained. The stained nanofibers were
unexpectedly increased the percentage of dead cells, though the increased number of
dead cells did not observed in the light microscopy images (Fig. 3.1).
MTT assay: MTT assays was accessed to overcome the unexpected increased
cytotoxicity of the peptides 5, 6, 9 and 10 caused by PI assays. The four peptides
were examined their cytotoxicity on several cell lines including HeLa, HS-5, Hep G2,
Huh-7, MKN-7, NIH:OVCAR-3, SKOV-3 and PANC-1. Peptide 5, 6 were tested on
HeLa, Hep G2, HS-5, Huh-7, MKN-7, NIH:OVCAR-3 and PANC-1 cell lines, and
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Figure 3.1: Limitation of Flow cytometry for peptide 5, 6, 9 and 10. Light microscopy images of HeLa cells and the corresponding dot plots of cell viability. The
images were taken by a Nikon ECLIPSE Ts100 microscope at 10X objective with aperture 10.
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peptide 9 and 10 were on HeLa, Hep G2, HS-5, Huh-7, PANC-1 and SKOV-3 cell
lines, in concentration and time-dependent manners. Cells were treated with 5, 10, 25,
50 and 100 µM concentration for 24, 48 and 72 h. The MTT results reveled that the
peptide 5 and 6 did not affect cell viability of all cell lines (Fig. A42).
Surprisingly, peptide 9 and 10 showed toxicity to several cell lines at various level
(Fig. 3.2). Both peptides were highly toxic to HeLa cells and the toxicity was timedependent but not concentration dependent. All concentrations exhibited almost similar toxicity. The 50% toxicity of peptide 9 on HeLa cells was observed for all concentrations at 24 h. The longer incubation such as 48 and 72 h had even 60 and 70%
toxicity. Similar phenomenon was found for peptide 10. Compare to HeLa cells, peptide 9 was very low toxic to HS-5 cells and the toxicity was around 25% at 72 h at 10
µM and higher concentrations. While, peptide 10 was non toxic to HS-5 cells. Besides
HeLa and HS-5 cells, both peptides of all concentrations were toxic (50-60%) to Huh-7
cells at longer incubation at 72 h. Similarly, peptide 10 showed around 40% toxicity
to PANC-1 and SKOV-3 cells for all concentrations and time points. This screening
results reveal that peptides 9 and 10 have cancer specific toxicity, specially against
HeLa cells.
The toxic peptides compose of IKVAV sequence derived from laminin chain. The
IKVAV in laminin is the binding site for integrins α3β1 and α6β1, non-integrin receptors, such as 67 kDa, 45 kDa and 32 kDa receptors [181, 186]. Laminin binding
to integrin through IKVAV sequence has been known to increas tumor growth, angiogenesis and protease activity [211, 215]. Due to the higher proliferation and migration
activities, cancer cells highly express integrins and other receptors [13, 16]. Higher
overexpression of the receptors and integrins may incorporate binding the IKVAV motif of the synthetic peptides 9 and 10. Because of the new molecular structures with
different physical and chemical and mechanical properties, the peptides may selectively
kill cancer cells.
Integrin triggering MSA of the peptides on the plasma membrane may cause the
cellular toxicity. Because, the control peptide 7 that contains IKVAV sequence alone
as well as a single F containing peptide 8 (FIKVAV) did not effect cell viability as they
did not self-assemble on the plasma membrane. On the other hand, peptide 9 (FFIKVAV) and 10 (FFFIKVAV) formed stable nanostructures on the apical membrane were
observed under light microscope and also on flow cytometry. This stable binding may
become resistant to enzymatic digestion and restrict nutrient uptake, which ultimately
cause cell death. This observation suggests that the number of F greatly the molecular
stability and triggers receptor binding MSA to guide for cancer specific toxicity.
IKVAV conjugating Nap-IKVAV peptide together with Nap-FFGSO showed toxic
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Figure 3.2: Cell viability of peptides 9 and 10 on HeLa, Hep G2, Huh-7, PANC-1,
SKOV-3 and HS-5 cell lines using MTT assay. A) Cell viability of peptides 9. B) Cell
viability of peptides 10. Cells were incubated with 5, 10 25, 50 and 100 µM for 24, 48
and 72 h. Regular culture medium was used as control experiment.
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effect to C6 cells, while Nap-FFGSO alone was non-toxic [216]. This was explained that
the positive K residue of IKVAV in the co-assembled peptide fiber induces the toxicity
upon binding with negative cell surface. This phenomenon is highly correspond to the
potent toxic peptide 9 and 10. The FF and FFF guided strong, stable self-assembled
core structure is surrounded by the positively charged IKVAV motifs. The exposure of
the positively charged motifs may easily facilitate binding to negative charge surface
membrane, which may cause cell apoptosis.

3.3.2

The cancer migration inhibition potential of MSA pep-

tides
The peptide library was screened out to evaluate inhibitory or stimulatory effects of
the peptides on cellular migration. We used HeLa cell as a cancer model and HS-5 cell
as a normal cell model to access cancer specificity. The screening results revealed that
5 peptides such as peptides 5, 6, 9, 10 and 29 showed migration inhibition effect on
HeLa cells at various degrees (Fig. 3.3B). The rest 24 peptides did not show migration
inhibition on HeLa cells (Fig. A43). Migration inhibition was depicted as wound healing
rate (%). The relative wound healing rate was 41.4 and 29.1% for peptide 5 and 44.7
and 33.7% for peptide 6 at 50 and 100 µM concentrations at 24 h. Similar migration
inhibition effect shown for peptide 10. Peptide 10 inhibited migration of HeLa cells
over 50% at 50 and 100 µM at 24 h. For peptide 9, only high concentration, 100
µM exhibited 49% wound closure at 24 h. Another peptide, 16 showed 60 and 55.5%
wound healing by 50 and 100 µM at 24 h. However, no migration inhibition effect was
observed by all peptides on HS-5 cells (Fig. A44). These results suggest that these 5
peptides show cancer specific migration inhibition.
After observing cancer specific migration inhibition of peptide 5 and 6 on HeLa cells,
we further explored these peptides on three different types of cancer cells such as, Huh7, PANC-1/GFP and SKOV-3. We used the same wound healing assay to evaluate the
migration effect of these peptides. Both peptides found to inhibit migration on the three
cell lines at various levels. The dramatic migration inhibition was observed for peptide
5 compared to peptide 6 on Huh-7 cells. Peptide 5 at 50 and 100 µM concentrations
exhibited 63.7 and 64.2% migration inhibition, respectively. While, peptide 6 inhibited
49.3% at 50 µM and 51.1% at 100 µM (Fig. A45). Similarly, both peptides showed
potent migration inhibition on SKOV-3 cells. Based on these observations, peptide 5
inhibited 64.5%, and 67.2%, and peptide 6 inhibited 59.2% and 63.9% migration at
50 and 100 µM (Fig. A45). But, both peptides showed relatively low suppression of
migration on PANC-1/GFP cells. Peptide 5 suppressed migration inhibition 41.8%,
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Figure 3.3: Wound healing rate (%) graphs and the corresponding bright field images
of control, 50 and 100 concentrations of the migration inhibitory peptide 5, 6, 9, 10
and 16. The straight line are indicators of initial wound and the dashed lines are the
wound closure.

and 49.6%, while peptide 6 suppressed 39.2% and 48.4%, at 50 and 100 µM (Fig. A45).
According to the migration inhibition effects of the peptides, peptide 5 is considered a
promising candidate.
Analysing the structural-relationship activity of the peptides containing IKVAV
without or with single or multiple F in peptide 7, 8, 9 and 10, the same explanation
about the cytotoxic effect can be applicable for the migration inhibition effect. In
this effect, peptide 10 is comparatively more potent inhibitor over peptide 9. This
might be that the FFF of peptide 10 constitutes more aromatic propensity compare
to FF of peptide 9 [192], which might facilitate more MSA guided inhibition of cellular
migration.
Moreover, 3 non-toxic peptides such as peptide 5, 6 and 16 are also potent inhibitors
against cancer specific migration. Similarly, the selectivity may be occurred from
binding specificity of the peptides to the cell surface receptors integrins as they have
overexpression by the cancer cells [17]. The binding ligand of peptide 9 and 10 is IKLLI,
known to bind with integrin α3β1 and heparan sulfate proteoglycan (HSPG) [182].
We hypothesize that the novel molecular design of these peptides exerted migration
inhibition effect via the same targeting.
Structural-relation activity analyses revealed that the migration inhibition occurred
on the self-assembly guided clustered formation on the plasma membrane. Similar to
peptide 9 and 10, peptide 5 and 6 that content FF and FFF, respectively, shown
to form self-assembly guided clusters on the plasma membrane. The peptide cluster
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formation was not observed by the control peptide 3 (IKLLI) and single F containing
peptide 4 (FIKLLI). Therefore, these peptides did not have the inhibitory activity.
Contrarily, peptide 5 and 6 did exhibit potent migration inhibition. But, there is no
significant different observed in the inhibitory effects of these peptides. The similar
potent effect of these peptides may perhaps that they have similar mechanical property
as well as similar nanofiber structure.
Similar to the other inhibitory peptides, peptide 16 comprising FFF conjugated
YIGSR sequence displayed inhibition, but it’s control peptide 15 (YIGSR) did not show
inhibition. The YIGSR is derived from laminin has specific binding receptors, such as
integrin α4β1, 67 kDa, 38 kDa, 36 kDa [187]. Binding with the multiple receptors by
the peptide may possibly retard cancer migration. From the above observations, we
can conclude that the peptide self-assembly play importation role in suppressing the
cancer cell migration via receptor binding.

3.3.3

Cervical cancer invasion inhibition effect of peptide 5

Due to the potent migration inhibition effect and easy synthesis of peptide 5, we
select this peptide for evaluation of further anti-metastatic effects. Invasion is the first
step in the process of metastasis for secondary tumor development. Peptide 5 was
investigated to find out the inhibitory effect on the invasion of HeLa cells. Hela cells
were treated with 0, 25, 50 and 100 µM of peptide 5 for 48 h. Later, invasive cells
were stained and imaged using a light microscope. The microscopic images revealed
that the peptide inhibited invasion in a concentration-dependent manner (Fig. 3.4A).
However, higher concentration such as 50 and 100 µM showed similar degree of invasion
inhibition. The invasion inhibition was almost 99% for both concentrations, and only
1% cells could able to invade through the membrane compare to control (Fig. 3.4B).
This result suggests that the peptide is a very potent inhibitor on cancer cell invasion.
These results are consistent to those of migration inhibition results with approximately
55% and 65% migration inhibition at 50 and 100 µM against HeLa cells. From the
observation of the wound healing and invasion assays, it could be concluded that the
50 µM of peptide 5 is the critical concentration for inhibition of cell invasion as well
as migration in 2D model.

3.3.4

Cancer spheroid suppression effect of peptide 5

HeLa spheroid growth: After the significant inhibition on migration and invasion by peptide 5 in 2D culture, we further investigated the bioactivity of the peptide
in 3D spheroid culture that closely resembles in vivo tumor micro environment. As a
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Figure 3.4: Inhibition of peptide 5 on HeLa cell invasion. A) Microscopy images of
invasive cells after peptide 5 treatment. Cells were treated with 25, 50 and 100 µM
concentrations for 48 h. B) Histogram showing the quantity of the invasive cells (%)
after the treatment.
model, we used HeLa-GFP cells so that the spheroid can easily be visible. To grow
3D spheroid, the cells were cultured in low FBS containing medium on the ultra low
U-shaped plate. Spheroids were grown relatively large in size approximately 8.9x105
µm2 . The spheroids were then started treatment with gradient concentrations of peptide 5. Comparing to the peptide concentrations of migration and invasion experiments
in 2D culture, the concentrations of the peptide in this 3D culture were 2 times higher,
because of the higher number of cells in the 3D spheroids. After certain time of incubation with the peptide, spheroid growth suppression was easily visible because of
the GFP labelling cells. The incubation was continued for 72 h. Approximately 50%
spheroid growth suppression was observed at 200 µM concentration and this suppression remained similar even when concentration was increased (Fig. 3.5A and B). These
results show relevant to those of migration and invasion inhibition results. Comparing
the inhibitory concentration of migration and invasion, which is 50 µM, the inhibitory
concentration of 3D spheroid is found 200 µM because of the spheroid forms solid, 3D
cell mass. The concentration might be critical for triggering self-assembly by the cells
of the spheroid which suppresses the growth.
The peptide self-assembly clusters on the cells of the spheroid can block nutrient
uptake which may reduce metabolic activity. The reduced metabolic activity may inhibit the growth of the spheroid. We thus investigated ATP content (a.u.) in the
cells of the spheroids. The results showed that the ATP content was reduced in the
spheroids upon the treatment of the peptide. Peptide at 200 µM and higher concentra-
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Figure 3.5: Inhibition of peptide 5 on 3D spheroid growth of Hela cells. A) Representative optical images of 3D spheroids of HeLa-GFP cells after incubation with peptide
5 at concentrations of 50, 100, 200, 300, 400 and 500 µM for 72 h. B) Spheroid growth
curves over the period of 72 h. The initial size of the spheroid was estimated 8.9x105
µm2 . C) Histograms represent the ATP content of the HeLa-GFP spheroids measured
at the end of the 3D spheroid growth experiment.
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tions reduced ATP production (Fig. 3.5C). The ATP reduction at these concentrations
perfectly matches with those of the spheroid growth inhibition concentrations. This is
proved that the reduction of the spheroid growth is relevant to the the low metabolic
activity that results in the low ATP contents.
HeLa and Huh-7 spheroids spreading: Tumor cells spread over a distance for
developing secondary tumors. In ultra low attachment U-shaped plate, spheroid cells
can not spread out as they are grown in the U shaped wells. We therefore designed
an spheroid spreading assay in combination of ultra low attachment culture plate and
normal cell culture plate. First, we grew spheroids in the ultra low attachment plate.
After reaching the desire size, the spheroids were transferred on the flat bottom culture
plate containing 100 µM of peptide 5 and monitored the spheroid spreading for 72 h. We
observed that the spheroids were attached to the bottom of the plates approximately
in 2 h and the cells started spreading aggressively in the control experiments (Fig. 3.6A
and C). On the other hand, the spheroids incubated with the peptide self-assembled
and surrounded the spheroids immediately and over time, peptide self-assembly covered
whole spheroid (Fig. 3.6E). This might inhibit spheroid attachment to the bottom of
the culture dish. Due to the low attachment, spheroid cells might loss their spreading
ability. The quantitative data revealed that the peptide arrested the cell spreading for
both cell lines at a remarkable level that is 80% compared to the control spheroids
(Fig. 3.6C and F). The
Moreover, we further evaluated the cell dissemination from the HeLa spheroid by
fixing the cells for SEM microscopy. We observed that the untreated spheroids flattened
and spread. Besides that, some cells detached (pointed by yellow arrow heads) from the
main primary spheroid and travelled away to a distant (Fig. 3.6A). This is comparable
with the metastasis that happens in the human body. Contrarily, the treated spheroid
at 72 h remained similar as the original shape (Fig. 3.6B). We also noticed that the most
of the spheroids were not attached. The unattached spheroids were washed away during
sample preparation. The spheroids those were attached on the dish were drastically
suppressed their spreading by the treatment of the peptide, suggesting that the peptide
is a potent suppressor against spheroid spreading.

3.3.5

Suppressive effect of peptide 5 on exosome secretion

Exosomes are potential carrier of messengers of genetic materials (e. g. mRNA)
between cells, which implicate in tumorigenesis [217]. The secreted exosomes are thus
used as a characteristic diagnostic marker for several cancers including lung, ovarian,
and cervical cancers [209, 218, 219]. As the exosomes are secreted outside the cells,
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Figure 3.6: Inhibition of peptide 5 on HeLa and Huh-7 spheroids spreading. Bright
field image of the HeLa spheroid under control A), and treated conditions B). The
concentration of peptide 5 was 100 µM and was incubated with spheroids for 72h.
Scale bars, 300 µm. C) The quantitative representation of the area (µm2 ) of the
spheroids over time. SEM image of Huh-7 spheroid at 72 h without treatment, yellow
arrow heads point the disseminated cells D), with treatment of peptide 5 at the same
concentration and the same time as of HeLa spheroid E). Error bars, 100 µm. F)
Histograms are representing the quantification of the spheroid areas.
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the body fluids such as serum and plasma are used for detecting the exosomes. For
this study, we used cell culture media to detect and quantify exosomes. For that
purposes, HeLa cells were grown in exosome conditioned medium (FBS free). Cells
were treated with 50 µM of peptide 5 for 2, 6, 12, 24 and 48 h. At each time points,
exosomes were extracted from the cell culture media. Meanwhile, the dead cells were
counted by staining with trypan blue and estimated using a cell counter. The dead
cell counting results showed no toxicity induced by the peptide, which is consistent to
those of MTT results (Fig. 3.7A). The concentrations of the exosomes were quantified
using a NanoDrop at 280 nm wavelength. The quantification results revealed that the
exosome concentrations reduced overtime, and a dramatic reduction was found at 12 h
and longer period of incubation with the peptide (Fig. 3.7B). To detect the exosomes
in the samples, TEM was conducted. The TEM images showed the the numbers of
exosome were markedly reduced at at 12 h and longer (Fig. 3.7C), which are relevant
to those of exosome quantification results, suggesting that the suppression of exosome
secretion may impact on cellular communication which in consequence in inhibiting
cell migration.

3.3.6

Tumor suppressive function of peptide 5 in vivo

The potent inhibitory effect of peptide 5 on cellular migration, invasion, spheroid
growth and spreading in 2D and 3D results inspire to test the therapeutic efficacy
and toxicity of this peptide in mice model. For that, we developed xenograft tumor
model using HeLa cells in the immune-deficient BALB/c nu/nu mice, which is a widely
accepted method [212]. To develop xenograft tumors, HeLa cells were subcutaneously
injected on the mice abdomen. Approximately two weeks later, tumors were started
treating with peptide 5 at the doses of 10, 25 and 50 mg/kg body weight every three
days for 8 times. During the treatment, the tumors treated with the doses of 25 and 50
mg/kg started shrinking their volume and some tumors were become very small and
one tumor vanished at the high dose after 8 times treatment (Fig. 3.8). In contrast,
the tumors with the dose of 10 mg/kg showed no significant difference in comparison to
the tumor of cisplatin (CDDP) treated group (Fig. 3.8). However, the tumors of both
CDDP and 10 mg/kg groups showed inhibition compared to those of control group
treated with DPBS (Fig. 3.8). These observations suggesting that the peptide is very
potent inhibitor against HeLa tumor in the nude mice.
Similar to HeLa tumor, we developed metastatic breast tumor in the mammary fat
pat using MCF-7/GFP cells. Due to the malignant property of the cells, we aimed to
observe the metastatic effect of the MCF-7/GFP cells. We treated the breast tumor
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Figure 3.7: Suppression of exosome secretion of HeLa cell by peptide 5. A) B)
Quantification of exosome concentration over a time course of 2, 6, 12, 24, and 48
h. The concentration of each sample was quantified by using a Nanodrop 2000 at the
wavelength of 280 nm. C) TEM image of exosomes upon treatment of 50 µM of peptide
5 over the same time course. Scale bars, 100 nm.

82

Evaluation of anti-cancer and anti-metastasis effects of MSA peptides

Figure 3.8: Inhibitory effect of peptide 5 on the growth of HeLa xenograft tumor. A)
Optical images of tumors of DPBS, CDDP and treatment (10, 25 and 50 mg/kg body
weight) groups. B) Tumor volume (mm3 ) of DPBS, CDDP and treatment groups.
Tumors were measured before every treatment. Each group contents 3 mice.

with the doses of 25, 50 and 100 mg/kg body weight. But in this case, the inhibition
effect of the peptide was very low compared to those of HeLa tumor. Even with 2
times more higher dose such as 100 mg/kg suppressed the growth of the MCF-7/GFP
tumor only approximately 30 % (Fig. A35).
After observation of this result, we are suspecting that the HeLa tumors that were
vanished and reduced by the treatment of the 25 and 50 mg/kg doses of the peptide
may not come from the inhibitory effects of the peptide, but from the mice immune
system that may be developed slowly while aging. We thus have a plan to repeat this
experiment in the future.
We evaluated the toxicity of the peptide through observation of the health condition, body weight and by analyzing the hematology profile of the blood of the mice.
Peptide 5 did not cause any death of the mice during the experiment. There was no
abnormalities observed in their health and no significant difference was found in their
body weight (Fig. 3.9). To know the effect of the peptide on the immune system, we
tested hematological profile of hemoglobin, hematocrit, red blood cell, white blood cell
and platelet [220]. The results revealed that all parameters were within the normal
range and there were no significant difference in the parameters among the groups (Table 3.1). This suggests that the peptide 5 is a non-toxic and safe drug in the animal
model.
We further examine the effect of peptide 5 on tumor proliferation. Ki67 is a cellular
proliferative index and its expression in the proliferating cells link to its role in the
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Table 3.1: Hematological profile of mice treated with DPBS, CDDP and different
doses of the peptide. Each group contents 3 mice.
Group

Dose
(mg/kg))
DPBS
0
CDDP
0.004
10
Peptide
25
50
Normal range

Hb (g/dL)

HCT (%)

14.5±0.5
13.5±0.8
13.8±0.8
12.4±1.9
14.2±1.4
12.2−16.2

45.7±2.9
43.8±3.1
41.3±3.9
42.2±4.4
44.1±1.7
35−45

RBC
(1012 /L)
9.9±0.4
9.4±1
9±0.9
8.4±0.7
9±0.7
7−12

WBC
(109 /L)
7.6±1.3
7.8
6.5±2.1
5.7±2.4
5.9±0.8
6−15

PLT
(109 /L)
409±123
403±85
403±102
297±145
282±156
200−450

Figure 3.9: Peptide 5 has no effect on body weight of the nude mice. Mice groups:
DPBS, CDDP, three peptide doses of 10, 25 and 50 mg/kg body weight. Each group
contents 3 mice.

84

Evaluation of anti-cancer and anti-metastasis effects of MSA peptides

Figure 3.10: Immunohistochemistry of Ki67 of MCF-7/GFP tumor slice without/with peptide 5 treatment. A) Ki67 expression of control tumor slice. B) Ki67
expression of the peptide 5 treated tumor slice. Scale bars, 100 µm.
proliferative activity of the tumor tissues [221, 222]. In tumor tissues, Ki67 is an
immunohistochemical marker of cellular proliferative activity. We stained the MCF7/GFP tumor slices with the Ki67 antibody. The results displayed that the control
tumor slice highly expressed Ki67 (Fig. 3.10A), while the peptide treated tumor slice
had low expression (Fig. 3.10B), suggesting that the peptide treatment reduced the
tumor cell proliferation.

3.4

Conclusion

Highly stable molecular self-assembly (MSA) exhibits impact on toxicity and migration inhibition on cancer cells. Among 29 peptides, 2 peptides 9 and 10 show cancer
specific toxicity and five peptides 5, 6, 9, 10, and 16 including the cytotoxic peptides
show migration inhibition specific to cancer. Both the cytotoxic and migration inhibition effects are emerged from the strong MSA ability of the peptides. Because they
self-assemble and the self-assembly is very stable at very low concentration (working
concentrations, 50 and 100 µM). At the same concentration, their single F containing peptides do not form stable self-assembly structures. Further biofunctional assays
of peptide 5 showed that the peptide is very potent inhibitor of HeLa cell invasion
and spheroid growth, and spreading of HeLa and Huh-7 spheroids. These effects of
the MSA peptides may come from the positive charge key sequences of the peptides
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through binding to the negative charge cell surface [223].
The two inhibitory concentrations, such as 50 and 100 µM of the peptide display
similar effect for migration, invasion, spheroid growth and spreading assays. This
might be that the 50 µM concentration contains enough molecules available for binding
with cell surface receptors. Tashiro discovered the integrin α3β1 and HSPGs are the
recognition receptors for IKLLI peptide [182]. We hypothesize that the inhibitory effect
might be occurred by the peptide upon binding to these receptors.
Exosomes as intracellular communication modulators have added a new dimension
to the process of tumor development and progression [207]. BY suppressing exosome
secretion might be a novel approach to interrupt cellular communication and as a consequence reduces tumor progression. As peptide 5 contains the positive charge binding
sequence easily binds to the negative charge plasma membrane of cells. Additionally,
the binding sequence has their specific receptors, integrins and HSPGs on the plasma
membrane [182]. Moreover, such bindings by the peptide form stable fibers on the
plasma membrane. The stable fibers might block the exosome secretion into the culture medium. The exosome quantitative data and TEM images proved that the peptide
treatment reduces the exosome secretion. The reduced exosomes might interrupt cellular communication and consequently inhibit the cell migration, dissemination and
spreading.
Xenograft model into immune-deficient mice has been a widely accepted animal
model to demonstrate the tumorigenicity of cells and evaluate the efficacy of therapeutic compounds [212]. The experimental results suggest that the peptide 5 is a safe
drug. The peptide even at high doses does not alter the general behavior, body weight
and blood composition of the mice. Many anticancer drugs cause some abnormalities
including fatigue, weakness, anorexia, nausea and vomiting, malabsorption and these
correspond to the body weight loss [224]. The mice do not display any of these symptoms during the treatment period. Without these symptoms, the peptide significantly
reduced the tumor growth. The reduction of the tumor growth perfectly correlates with
the low expression of the Ki67 proliferative marker. Although, the emerging evidences
are showing the xenograft tumor growth is reduced by the peptide 5, we still doubt
that inhibitory effect may come from immune system rather than the peptide effect.
We thus decide to repeat this experiment in the future.
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Chapter 4
Integrin-targeting MSA peptide 5
inhibits cancer metastasis via YAP
inactivation
4.1

4.1.1

Introduction

Filopodia and microvilli in cancer migration

Filopodia are thin, finger-like dynamic actin-rich protrusions that extend out from
the leading edge of the migratory cells. Due the migratory nature of the cancer cells,
formation of filopodia are usually excessive. During migration, the tips of filopodia
allow cells anchoring to ECM and probing the surrounding environment for taking
decision of migration direction. Abundant filopodia are a characteristic feature of invasion and metastasis and the number of filopodia correlates with the invasiveness
[225]. Cancer cells overexpress filopodia at their leading edge thus become a signature
for metastasis. A clinical study observed that filopodia play significant role during cancer cell dissemination [225]. Dense filopodia formation corresponds cancer invasion and
metastasis [226]. Besides the filopodia, microvilli formation is profound in metastatic
cells [227]. Microvilli release vesicles encapsulating genetic materials into ECM which
are accepted by other cells in which the cells exchange the information contributing
cellular communication. But the molecular mechanism of these protrusions in cancer
migration is yet to be unknown.
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4.1.2

Integrin β subunit expression in cancer metastasis

Many cancer cells overexpress integrin β1 subunit correlates with cancer metastasis
[228]. For instance, the higher expression of integrin β1 in the colorectal cancer cells
prompted colorectal cancer metastasis in the liver [14]. The overexpression of integrin
β1 was associated with bone metastasis [15, 229]. Lymph node metastasis (LNM) is
a poor prognosis marker for Head and neck squamous cell carcinoma (HNSCC) patient, where high expression of integrin β1 acted as a specific receptor for interacting
with laminin to mediate metastasis [230, 231]. Similarly, overexpression of integrin
β1 correlated with the organ specific migratory ability of gastric carcinoma cells and
migrated towards peritoneum [232]. Upon interaction with fibronectin, the overexpressed integrin β1 facilitated the metastasis of Chinese hamster ovary cells to the
kidney in mouse models [233]. Therefore the integrin β1 becomes a potential target
for anti-tumor therapies.
Similar to β1, integrin β3 is associated with invasion and metastasis of several
cancers [234]. For example, integrin β3 expression found to be implicated in invasion
and metastasis of glioma, breast cancer, and melanoma cells [235–238]. Moveover,
integrin β3 enhanced metastatic growth in the brain and recruitment of blood vessels
[239]. Due to the implication of integrin β3 in tumor progression, it becomes an another
potential therapeutic target.

4.1.3

Heparan sulfate (HS) in cancer metastasis

Besides the integrin β1 and β3 overexpression, heparanase upregulation appears in
several cancers, especially in highly metastatic tumor cells [73]. Upgraded sulfation
by heparanase promotes the formation of heparan sulfate (HS) in metastatic cancer
tissues [240]. Highly metastatic colorectal cancer cells overexpressed syndecan as well
as integrin β1 [83, 84]. High expression level of syndecan occurred in osteosarcoma
leading to an aggressive phenotype [86]. Syndecan clustering with integrin β1 in KRas mutated cells promoted cell invasion and metastasis [87]. Knockdown experiments
showed syndecan 1 and integrin β1 signaling significantly decreased protease activity
results in reduction of malignancy in salivary gland tumors [88]. In cancer biology, HS
is now growing interest of therapeutic targets [90].

4.1.4

Integrin-mediated mechanotracsduction

Cells response to mechanical stimuli from the environment through integrins [48].
Integrins transmit mechanical cues from environment modulate almost all aspects of
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cellular functions including cell migration related to cancers. Most studies about
mechanosensing in cancers explain that the integrins, cytoskeleton proteins and EMC
property are involved, which link to transcription co-factor YAP [4, 5, 48, 49]. In
mechanotransduction, cells sense mechanical signal from ECM (stiff ECM in many
cases) and the signal is transmitted through cytoskeleton proteins to the nucleus where
the expression of the YAP activity influences [4].

4.1.5

YAP in mechanotransduction

YAP is a transcriptional co-factor has emerged as an important effector of cancer
progression and metastasis. The metastatic effect is correlated with YAP transcriptional activation. Lot of experimental evidences demonstrate that YAP transcriptional
activation promotes cancer initiation, progression and metastasis [241]. YAP activity can relay on mechanical cues of the surrounding environment such as ECM. The
ECM composition and mechanical property have recently been found to impact on
the progression and establishment of the metastatic niche, which can significantly
alter the powerful oncogenic activity of YAP [4]. The oncogenic activity of YAP
is turned on when YAP presents in nucleus, but is inactivated while nuclear YAP
translocates into cytoplasm. For instance, mammary epithelial cells (MEC) grown on
fibronectin-coated acrylamide stiff hydrogels whose elastic modulus ranging from 0.7
to 1 kPa inhibited YAP activity [4]. Apart from the ECM property, the cell culture
space/microenvironment impose different degrees of cell spreading also influences the
YAP oncogenic activity. The same MEC cells growing on 300 µm2 hydrogel considered
as small island restricted cell spreading impacting on cell geometry caused YAP cytoplasmic relocalization [4]. The cytoplasmic YAP which in consequence inactivates the
transcriptional activity and controls metastasis. Inactivation of YAP transcriptional
activity is thus a promising strategy for the treatment of cancer metastasis. However,
the application of small molecules targeting to YAP directly only achieves suboptimal
efficiency [242].
Integrins are upstream regulators of YAP responses through mechanotransduction
[36, 47]. YAP activity in response to external cues can relay on integrin β1-dependent
cell adhesion [243]. Cell adhesion to the ECM enhances F-actin formation at the
leading edge of the migrating cells [244]. F-actin has been known to interact with
oncogene/adaptor protein angiomotin (AMOT) has effect on YAP activity [45]. Several
treatments such as latrunculin B, cytochalasin D, serum withdrawal and cell density
perturb F-actin causing YAP nuclear exit into cytoplasm [245]. YAP cytoplasmic
retention occurs with AMOT-130 when AMOT-130 dissociats from F-actin, suggesting
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that the integrin responsive mechanical cues link to F-actin modulates YAP localization
via AMOT binding [246].

4.1.6

Mass-spectroscopy-based proteomics

Cancer cell migration is fundamental for the metastatic progression [247]. Multiple
genes are involved in the occurrence and development of the metastatic progression.
Although, the genes carry the genetic information, proteins are the final exhibitors for
showing the changes. Application of drug to the cancer cells might cause change in the
expression of the certain proteins. Proteomics is a systematic research approach aiming
to easy detection of such changes in the protein expression under a given condition [248].
This can be utilized to understand the mechanisms of action of drugs and the discovery
of the targets for the mechanism of action.
Cancer cells have higher mobility associated with changing in actin cytoskeleton
dynamics, accompanied by changing in the expression and activity of actin-binding
proteins [249]. Integrins are a class of the surface proteins link cytoskeleton proteins to
the ECM molecules [250]. The up regulation of the cytoskeleton proteins and integrins
correlates cancer metastasis for the most cases [6, 7, 251]. For instance, the high expression of integrin β1 and β3 was observed in metastatic melanoma and other cancers
[234, 252]. Although there is contradictory opinion on the expression of integrins, the
most articles mentioned about their high expression [234].
Due to the excessive activities, cancer cells require high energy as a form of adenosine triphosphate (ATP). Usually the ATP is synthesized by oxidative phosphorylation
in mitochondria [253]. Besides the mitochondrial synthesis, cancer cells adopt with an
alternative ATP synthesis pathway called as glycolysis pathway [254]. The glycolysis
pathway is highly active in cancer cells which render the cells to maintain their energy level and survival [255]. This glycolytic pathway becomes a main route of energy
production for cancer cells. The high ATP production is thus the most fundamental metabolic alteration in the malignant transformation of cancer cells and becomes
"hallmarks of cancer" [256]. As the cancer cells are highly dependent on the gylycolysis
process, this can be an biochemical basis for developing therapeutic strategies.
Decades ago, Japanese scientists discovered that peptides LA4 (CSRNLSEIKLLISRARK), LA5 (EIKLLIS) and LA5L (SEIKLLIS) contain a IKLLI sequence derived from the laminin α chain is a binding site for both integrin β1 and HS [182].
Accordingly, we observed that peptide 5 having the same binding sequence shows
anti-metastasis effect through self-assembling with integrin β1 and HS. This assembly
between integrins and peptide forms microdomain on the apical membrane which dis-
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rupts F-actin-AMOT interaction and AMOT diffuses into cytoplasm. The cytoplasmic
AMOT retains YAP and in consequence inactivate transcriptional activity of YAP.

4.2

Methods

Scanning electron microscopy (SEM) FEI quanta
After proper treatment of HeLa cells with 50 µM of peptide 5 for 24 h, cells were
rinsed with culture medium, fixed with 1% OsO4 in 0.1 M CaCo for 30 min and washed
with MilliQ for 3 times, every time 5 min. The fixed samples were dehydrated in a
gradient of EtOH solutions of 70, 80, 90, 95 and 100% for 3 times, 5 min for each.
The hydrated samples were taken into lyophilized solution of 100% of t-BuOH for 5
min, three times. Approximately 30% of t-BuOH solution was left at the last step to
avoid cracking the biosamples. The biosamples were froze at -80 o C for 5 min, and
freeze-dried overnight. The lyophilized specimens were coated with gold (Au) using a
Parylene deposition synstem. The Au coated samples were used for taking images with
Quanta SEM.
Congo red staining of peptide
Monolayer growing HeLa cells were treated with 50 µM of 5 for 24 h. Congo red
was freshly prepared in the culture medium. After weighing, Congo red was dissolved
in 2 µL of DMSO and afterward culture medium was added to prepare a concentration
of 0.1 mg/mL. After aspirating the old culture medium, the freshly prepared Congo red
solution (2 mL) was added to the cells and was incubated for 30 min at 37 o C. The cells
were washed with PBS for 2 times. The cells were then fixed with 4% formaldehyde
for 10 min and washed with 3 times with PBS. The fixed cells were blocked with 1%
BSA for 1 h at room temperature. After washing 3 times with PBS, ActinGreen 488
ReadyProbes Reagent (Thermo Fisher Scientific) and NucBlue Fixed Cell ReadyProbes
Reagent (Thermo Fisher Scientific) kits were used for labelling F-actin and nucleus,
respectively. The samples were photographed by using Nikon A1 (Nikon).
Transfection
To overexpress β1 and β3 integrins, HeLa cells were transfected with mAppleIntegrin β1-N-18, was a gift from Micheal Davidson (Addgene plasmid #54914; http://n2t.net/
addgene:54914; RRID:Addgene-54914) and β3-Integrin-YFP, was a gift from Jonathan
Jones (Addgene plasmid #26653; http://n2t.net/addgene:26653; RRID: Addgene-26653).
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Integrin β1 shRNA plasmid (#sc-29375-SH, Santa Cruz Biotechnology, INC.) was used
to silence the integrin β1 using the same cell line. Cells were transfected using both
Xfect polymer (#1710420A, Takara) and SE cell line 4D-Nucleofector kits (#PBC102250, Lonza) according to the manufacturer’s protocols. For Xfecto transfection, cells
with low density were plated in 1 mL of medium of 35 mm confocal dish one day before
transfection. A cell suspension of 5 µg of plasmid DNA in Xfecto reaction buffer (final
volume was adjusted to 100 µL) was mixed by vortexing for 5 sec at high speed. 1.5 µL
of Xfect polymerase was added into the reaction buffer, and the mixture was vortexed
again for 10 sec at high speed. The mixture solution was incubated for 10 min at room
temperature to form nanoparticle complexes. The entire mixture was added slowly to
the cell culture plate and the plate was gently rocked back and forth for homogenous
spreading. The plate was incubated overnight for transfection. The medium was replaced with the fresh medium followed by another 24 h incubation to reach the higher
transfection efficiency.
On the other hand, for nucleotransfection, mastermix was prepared for 100 µL that
contents 81 µL of nucleofector solution, 18 µL of supplement and 1 µL of 2 µg of the plasmid DNA. Cells were harvested in the complete culture medium after dissociation with
trypsin. Cell numbers were counted by an automated cell counter (Thermo Fisher).
Approximately 8x105 cells were centrifuged at 90xg for 10 min at room temperature.
Supernatant was completely removed. The cell palette was resuspended in the mastermix. The mastermix was transferred into the nucleocuvette vessel. Nucleotransfection
was carried out using a 4D-Nucleofector core unit (Lonza). After nucleotransfection,
the stress of the cells was minimized by 10 min incubation at room temperature. The
cell suspension was diluted with 100 µL of the regular culture medium which was
transferred in a 35 mm confocal dish containing 2 mL of fresh culture medium for
the imaging assay. The transfection efficiency of the overexpressed cells was observed
under confocal microscope. Whereas, the integrin β1 silencing cells were seeded in the
96-well Image Lock plates (Essen BioScience, UK) for the wound healing assay. Cells
were post incubated for 24 h to enhance transfection efficiency which was measured by
western blotting.
Western blotting
Cells were washed once with cold DPBS, trypsinized, collected in cold DPBS and
centrifuged at 1500 rpm for 3 min. The cell pellet was lysized in Cell Lytic buffer
(Sigma-Aldrich) with halt protease inhibitor cocktail (Thermo Scientific). The cell lysis
solution was shaken gently at 20 rpm on ice for 30 min and centrifuged at 13000 rpm for
5 min. The supernatant was collected. The prtein concentration in the supernatant
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was measured using a Nanodrop 2000 at 280 nm. The protein concentration of all
samples was adjusted the same. The samples were run in precast polyacrylamide gel
(BioRad). The proteins were electrotransferred to polyvinylidene difluoride (PVDF)
membrane (BioRad). The membrane was blocked in Blocking One P solution (Nacalai,
USA) for 30 min at room temperature with gentle shaking. Primary antibodies such as
anti-integrin β1 (# ab30394, 5 µg/ml dilution) and GAPDH (ThermoFisher Scientific,
1:2000 dilution) were prepared in 5% blocking solution in washing buffer and incubated
overnight in dark at 4 o C with gentle shaking. GAPDH was used as a loading control.
The unbounded antibodies were washed with tris-buffered saline (TBS) containing 0.1%
Tween-20 for 10 min for 3 times. The membranes were further incubated with antimouse secondary antibody conjugated with horseradish peroxidase (1:1000 dilution) for
2-3 h at room temperature. The membranes were washed again with washing buffer
for 10 min for 3 times. Chemiluminescence ECL detection kit (BioRad) was used to
image the band of the target proteins. Each protein was run at least 3 times.
Quantification of western blots
The bands represent protein level expression were quantified using ImageJ. The
target bands were transformed at horizontal position and adjusted brightness and contrast followed by background subtraction. A rectangular region was drawn around the
protein band, and intensity of the bands in the box was measured using the plotted
lanes. This procedure was followed for all the target proteins. The intensity of the
proteins was normalized corresponding to the GAPDH.
Heparan sulfate blocking assay
We performed a wound healing assay using heparin-binding EGF-like growth factor
(HB-EGF) (Sigma) for blocking heparan sulfate (HS) to evaluate the binding of peptide
5 on the HS. The same wound healing protocol mentioned previously was followed.
The peptide and HB-EGF were freshly prepared at 100 µM and 1 µg/mL in DMEM
containing 2% FBS, respectively. After making the wound, cells were treated with
HB-EGF for 8 h. Afterwards, the solution of the HB-EGF was replaced with peptide
5 and continued treating for another 16 h. The experiment was repeated for 3 times.
Immunofluorescence (IF) staining
HeLa cells were seeded at a density of 3.5x105 cells/mL in a 35 mm glass bottom
dish and treated with 50 µM of peptide 5 (freshly prepared in 2% FBS containing
DMEM) over a time course of 2, 6, 12 and 24 h. After the exposure, cells were rinsed
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with the culture medium twice. Cells were fixed with 4% formaldehyde for 10 min
at room temperature and washed with DPBS for 3 times. Cell were permeabilized
with 1X Triton-X for 15 min and washed with DPBS for 3 times. Nonspecific binding
sites were blocked with 3% Bovin serum albumin (BSA) for 1 h at room temperature.
The cells were incubated with the first antibodies of YAP (1:50, Santa Cruz), AMOT
(1:100, ThermoFisher Scientific) in 1% BSA containing PBS overnight at 4 o C. The
unbound antibodies were washed away with PBS for 3 times. Cells were incubated with
secondary antibodies Mouse IgG FITC 561 (1:1000, Millipore) and Rabbit IgG(H+L)
Alexa Flour 647 (1:500, Abcam) prepared in the same solution as of the first antibody
for 2 h at room temperature in the dark. After washing 3 times with PBS, ActinGreen and DAPI were used to stain the F-actin and nucleus, respectively. Images were
obtained on a Nikon A1 (Nikon).
YAP quantification
ImageJ was used for the quantification of YAP from the fluorescent intensity of YAP
in the cells. At least fifty cells were counted for the quantification. Nuclear and cytoplasmic YAP ratio was calculated from the following formula: (nuclear YAP/nuclear
area)/(whole cell YAP − nuclear YAP)/(whole cell area − nuclear area).
Protein extraction
HeLa cells at higher density of 1.5x106 cells were inoculated in 0.2% FBS containing
DMEM in 100 mm dishes and allowed to adhere overnight. Cells were treated with
6 mL of 50 µM of peptide 5 for 2, 6, 12 and 24 h. After the exposure, cells were
collected in PBS after trypsin detachment. Proteins were extracted using the PTM
BIO kit following the manufacturer protocol. The extracted protein samples were sent
to Jingjie PTM Biolabs, Hangzhou, China, where quantitative proteomics analysis was
conducted. After obtaining the proteomics data, we reanalyzed the data based on our
purposes.
Immunohistochemistry
After deparaffinization and rehydration, the tissue sections were unmasked in boiled
citrate buffer (10 mM, pH 6) for 5 min twice, cold down to normal temperature, washed
with PBS buffer for 5 min three times. The sections were blocked with 3% BSA for
1 hour at room temperature. Primary antibodies such as, YAP1 (1:100, SC-101199,
Santacruz) and Ki67 (1:200) were diluted in 0.1% BSA containing PBS. The sections
were incubated with the first antibodies overnight at 4 o C. Following washing 3 times
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with PBS, the sections were incubated with secondary antibodies: Mouse IgG FITC
(1:1000, Millipore) and Rabbit IgG(H+L) Alexa Flour 647 (1:500, Abcam) diluted in
PBS containing 0.1% BSA for 2 h at room temperature in dark. After washing three
times with PBS, the sections were imaged by Nikon A1 confocal microscope.
Transmission electron microscopy (TEM)
TEM samples were prepared following the same procedure described in the materials and methods section of chapter 2 with small modification. In this case, 10 µL
droplet of the sample was taken on the grids. After waiting for 30 sec, this process was
repeated twice. The afterword steps were same as before.

4.3
4.3.1

Results and discussion
Apical membrane-targeted peptide assembly

The IKLLI motif of peptide 5 is positive due to the positive charge of K residue. The
surface charge of a cell membrane is negative [223]. The negatively charged membrane
is easily bind to the positively charged motif of the peptide. This binding forms selfassembly clustered on the apical membrane. Congo red staining reveals that the peptide
clusters on the apical membrane (Fig. 4.1). The clusters were firmly attached to the
membrane. Even after several washes during the sample preparation, the peptide
clusters did not wash away, suggesting the the self-assembly of peptide may physically
bind to the cell membrane. But no fiber accumulation was observed at the bottom plane
of the cells, because the peptide was applied after the cell attached to the substrate.
We further investigated weather the peptide physically interacts with the cell membrane. We did SEM to observe the phenomenon. We found that the untreated cells
protrude profound filopodia and microvilli (Fig. 4.2A) are essential for cellular migration and sensing the environment [225, 227, 257]. The filopodia and microvilli of the
treated cells were integrated by the peptide self-assembly. This integration might trigger the self-assembly results in the formation of the microdomain at the binding sites
(Fig. 4.2Ba and Bb). Besides binding the to filopodia and microvilli, peptide treatment
reduced microvilli formation and the unbound microvilli appeared are very poor and
unhealthy. These unhealthily microvilli might restrict their functions. However, the
microdomains on the membrane are in a micrometer scale. We also noticed that the
directional binding between the microvilli and the peptide fibers, where the microvilli
directed towards peptide fibers (Fig. 4.2Bc), suggesting that the microvilli may have
binding affinity to the peptide.
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Figure 4.1: 3D reconstruction of scanning confocal microscopy image of HeLa cell
upon the treatment of peptide 5 (50 µM for 24 h). The Z-stacked step was 0.15 mm
thick with 80 layers. HeLa cells were treated with 50 µM of the peptide for 24 h). Selfassembly of peptide 5 is represented in red. F-actin is represented in green. Nucleus
is represented in blue. Error bars are 20 µm.

4.3.2

Spatial regulation of integrin distribution via membrane-

targeted peptide assembly
Next, we asked weather the integration of peptide 5 with filopodia and microvilli
occurs through integrin β1, as it is one of the binding sites of laminin-derived IKLLI
peptide [182]. We examined the binding specificity of peptide 5 to integrins β1 and
β3 using overexpression assays. We constructed the transient overexpression species
of these integrins by transfecting the mApple-Integrin β1 and β3-Integrin-YFP [258]
plasmids into HeLa cells. The overexpressed cells were treated with 50 µM of peptide 5
for 24 h, and the cells were fixed for confocal imaging. We conducted these experiments
in two different cell culture conditions: low cell density and high cell density for both
integrins. The confocal images revealed that the peptide is selective to integrin β1
and regulates spacial distribution of this integrin on the apical membrane, where the
peptide binds to this integrin and self-assembles into clusters appeared on the apical
membrane (Fig. 4.3B) (Fig. 4.4B).
Comparing to the peptide binding efficiency to the different cell density conditions,
the lower cell density forms lower degree of peptide clusters on the apical membrane
(Fig. 4.3B). On the other hand, a massive peptide cluster formation was observed on
the apical membrane of the dense cells (Fig. 4.4B). These observations suggest that the
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Figure 4.2: SSEM image of HeLa cell protrusions and microdomain formations
through the physical interaction of the protrusions with peptide 5. A) Profound expression of HeLa cell protrusions in untreated cells. Ba) Interaction of cell filopodia to
the peptide fibers. Bb) Interaction of microvilli to the peptide fibers. Bc) Microvilli
direction towards the peptide fibers. Filopodia and microvilli are pointed by green
arrows.
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Figure 4.3: 3D reconstruction of scanning confocal microscopy image of mAppleIntegrin β1 transfected HeLa cells in sparse culture condition. A) Integrin β1 expression
in HeLa cells in untreated condition. B) Integrin β1 expression on the membrane selfassemble with peptide 5 (50µM for 24 h). F-actin is represented in green. Nucleus is
represented in blue.

Figure 4.4: 3D reconstruction of scanning confocal microscopy image of mAppleIntegrin β1 transfected HeLa cells in dense culture condition. A) Integrin β1 expression
in HeLa cells in untreated condition. B) Integrin β1 expression on the membrane selfassemble with peptide 5 (50µM for 24 h). F-actin is represented in green. Nucleus is
represented in blue.
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Figure 4.5: 3D reconstruction of scanning confocal microscopy image of β3-IntegrinYFP transfected HeLa cells in sparse culture condition. A) Integrin β3 expression
in HeLa cells in untreated condition. B) Integrin β3 expression upon treatment with
peptide 5 (50µM for 24 h). F-actin is represented in red. Nucleus is represented in
blue.

Figure 4.6: 3D reconstruction of scanning confocal microscopy image of β3-IntegrinYFP transfected HeLa cells in dense culture condition. A) Integrin β3 expression in
HeLa cells in untreated condition. B) Integrin β3 expression upon treatment with
peptide 5 (50µM for 24 h). F-actin is represented in red. Nucleus is represented in
blue.
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Figure 4.7: Peptide 5 inhibits migration upon binding integrin β1. A) Optical image
of migration assays of normal HeLa cells, B) shITGB1 transfected HeLa cells, without
and with treatment of peptide 5 at 100 µM. C) Quantification of the migration as a
wound healing rate (%).

dense cells have more integrins that might generate more self-assembly upon binding
with the peptide. In contrast to integrin β1, peptide did not affect the expression of
the integrin β3 in both sparse (Fig. 4.5) and dense conditions (Fig. 4.6). The results
prove that the peptide 5 is selective for binding to the integrin β1 via regulating the
spatial distribution on the apical membrane.
We further asked whether the migration inhibition is facilitated by the peptide
through binding the integrin β1 [115]. We evaluated this hypothesis by knocking down
the integrin β1 in HeLa cells and carrying out a migration assay. We transfected
shRNA integrin β1 plasmids into HeLa cells to suppress the expression of integrin
β1. Western blot analysis revealed that the endogenous expression of integrin β1 is
efficiently suppressed by the shRNA plasmids (Fig. A46A). The quantification of the
western blot showed the expression of integrin is repressed by around 45% (Fig. A46B).
Furthermore, a wound healing assay was conducted using these integrin β1 knocked
down HeLa cells. The wound healing assay results revealed that the integrin β1 silencing HeLa cells showed an reduction in migration compared to wild type cells, confirmed
the knock down of integrin β1 in HeLa cells (Fig. 4.7A and B). The quantification data
showed the integrin silencing cells migrate approximately 53%, while the wild type
cells migrate around 90% (Fig. 4.7C). The migration rate (represented as wound healing rate (%) in the figure (Fig. 4.7C)) of the integrin silencing cells (53%) is highly
compatible to the level of the integrin β1 silencing (45%) in the cells (Fig. A46B).
Then we accessed the effect of peptide 5 on integrin β1 by comparing the migration
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rate (%) between the wild type cells and the integrin silencing cells upon the treatment
with 50 µM of the peptide. We observed that the wild cells are inhibited migration by
36%, while the integrin silencing cells by 23%, compared to their corresponding control
experiments (Fig. 4.7C). This migration inhibition of the integrin silencing cells upon
the treatment of the peptide is reasonable, because the integrin knock down was not
100% and around 50% cells remained their endogenous integrin β1. The remaining
endogenous integrins might be bound by the peptide which shows some degrees of
inhibition.

4.3.3

Heparan sulfate binding potential of apical membrane-

targeted peptide assembly
It has been reported that the laminin-derived IKLLI peptide binds both the integrin
β1 and heparan sulfate proteoglycane (HSPG) responds to proliferation and neuronal
outgrowth of PC12 cells [182]. Based on the evidences, we hypothesize that the migration inhibition may also depend on HSPG binding. We carried out a wound healing
assay using heparin-binding EGF-like growth factor (HB-EGF). We first blocked the
HSPGs with HB-EGF-like growth factor. Afterward, we treated the cells with peptide
5 and observed the migration effect. At the same time, cells of other wells were treated
without and with the peptide as a control. We observed that the HB-EGF enhances
migration and heals the wound faster than those of untreated cells (Fig. 4.8). The cells
treated with the peptide were inhibited migration also proved by the previous wound
healing assays (Fig. 4.8). But, when cells were pretreated with HB-EGF, this peptide
was not able to inhibit migration (Fig. 4.8), suggesting that the inhibition of migration
may be caused by the peptide through HS binding.

4.3.4

Cell morphology and motility alterations induced by

apical membrane-targeted peptide assembly
Migratory cells specially cancer cells develop filopodia at their leading edges, which
are essential for migration and invasion. As we observed in the spheroid spreading
assays that the cells of the untreated spheroids attach on the substrates and spread
over a large area, while treated spheroids remain their original shapes. We thus asked
why the untreated cells are spreading over a large area? For that we conducted SEM
of the fixed cells of the spheroid spreading assays after treatment without and with
peptide 5. We observed that the cells of the untreated spheroid form filopodia at
their leading edges of the periphery cells as well as microvilli on the cell membrane
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Figure 4.8: Peptide 5 induced migration inhibition through HS. A) Wound healing
rate of HeLa cells with or without pretreatment of HB-EGF (1 µg/mL for 8 h) upon
the treatment of peptide 5 at 100 µM. B) Bright field image of the corresponding cell
migration.
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Figure 4.9: SEM images of HeLa cell spheroid without and with treatment of peptide
5. A) Well spreading untreated HeLa spheroid cells. Aa) Filopodia of the periphery
cells are pointed by green arrows. Ab) Elongated cells at the top center of the spheroid.
B) Morphology of the spheroid cells after treatment with peptide 5 (100 µM) for 72
h. Ba) bland surface of the periphery cells. Bb) Bland surface of the cells at the top
center of the spheroid.

when they are transferred to the favourable environment (flat dish) (Fig. 4.9Aa). The
filopodia of the periphery cells anchor the substrate and thus migrate outwards over a
large area which in turn the spheroids become flatten. Moreover, the cells at the center
top of the spheroids elongate and push the peripheral cells outwards (Fig. 4.9Ab). On
the other hand, the treated cells under the same environment completely suppress
filopodia formation at the periphery cells and microvilli formation (Fig. 4.9Ba and
Bb). Due to the suppression of filopodia, the cells were not able to attach on the
substrate and migrate. While observed closely, the surface of the whole spheroid looks
as bland surface and this may be the reason that the cells of the spheroid can not turn
into normal shapes (Fig. 4.9Ba and Bb). This observation confirmed that the peptide
treatment completely suppresses filopodia formation and therefore the spheroids remain
the original shapes.
Then there are two questions arise: since the filopodia and microvilli are sensors
for this peptide, 1) why the peptide treatment suppresses the filopodia and microvilli
formation in 3D spheroid? And 2) why the peptide binds the filopodia and microvilli
in 2D cells? First, we would like to clarify the question 2), the cells in 2D experiment

104

Integrin-targeting MSA peptide 5 inhibits cancer metastasis via YAP
inactivation

are well attached to the substrate and they are in exponential growth phase. At this
stage, the cells are highly mobile, and therefore they have well protruded filopodia and
microvilli constituting with activate integrins and HS. The activate integrins and HS
are bound by the peptide (Fig. 4.2Ba, Bb and Bc). Now in the question 3), while in 3D
spheroids, the cells are circular in shape. The spheroid is covered by a peptide assembly
networks that keeps the cells inside as a dormant condition. These cells therefore do
not protrude the filopodia and microvilli and can not migrate. In deed, a favourable
condition can break the dormancy and activate the cells. As a consequence, the cells
protrude filopodia and microvilli in order for invasion and migration observed under in
the control cells (Fig. 4.9Aa and Ab). Surprisingly, at the same environment, peptide
5 treatment to the dormant cells of the spheroid does not stimulate instead inhibit
filopodia and microvilli formation (Fig. 4.9Ba and Bb). This is undoubtedly a very
potent anti-metastatic effect of the peptide. But how this peptide inhibits filopodia
and microvilli formation of the cells of the 3D spheroids remains uncovered.

4.3.5

YAP inactivation induced by apical membrane-targeted

peptide assembly
Cytoplasmic retention of YAP is correlated to inhibition of migration, invasion and
proliferation [4]. As the peptide 5 inhibits on cancer cell migration and invasion, we
asked whether these effects come from the inactivation of YAP through cytoplasmic
translocation. We conducted immunostaining assay to observe this phenomenon. In
this experiment, cells were grown in starved, confluent culture condition. The cells were
starved for reducing cell proliferation and increasing the period of cell division, otherwise cell-cell contact inhibition might cause inactivation of YAP. The cells in starved,
confluent condition initiated forming cell clusters in untreated condition. Albeit, the
cluster formation was with low intensity and found in few places in a dish. Although
the cells formed cluster in the control experiment, YAP was observed in the nucleus
(Fig. 4.10A). However, incubation with peptide 5 enhanced cell cluster formation. The
clustered cells formed more self-assembly with the peptide fibers. The reason might
be that many cells in a cluster express more integrins thus more peptides involve in
the self-assembly network. This fiber network tightly holds the cells in the clusters
shown in the immunostaining images (Fig. 4.10A). Compare to the untreated cluster,
the treated cells in the clusters cause translocating nuclear YAP into cytoplasm results in inactivation of YAP (Fig. 4.10B). This observation suggests that the confluent
cells may sense the peptides and neighbour cells may come in close contact to form
a colony, where the dense cells form a large fiber network which causes nuclear YAP
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Figure 4.10: Inactivation of YAP upon treatment of peptide 5 (50 µM) in a time
dependent-manner. A) IF image of YAP cytoplasmic translocation. Scale bars, 50 µm.
YAP is represented in red. F-actin is represented in green. Nucleus is represented in
blue. B) Box graph representation of quantification of YAP in nucleus and cytoplasm.
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translocation into cytoplasm results in YAP inactivation.

4.3.6

Angiomotin (AMOT) regulation induced by membrane-

targeted peptide assembly
Angiomotin (AMOT) localizes at the leading edge of the filopodia of the migrating
cells through binding with F-actin [259]. Since the peptide physically interact with
filopodia forming microdomain, we asked whether the peptide microdomain formation
affect the interaction between AMOT and F-actin. This was done using immunostaining assay under the same culture condition as YAP. The immunostaining images
displayed that the untreated cells form strong F-actin bundle at the leading edge and
AMOT localizes at the tip of the F-actin bundle (Fig. 4.11A). This observation suggests that the AMOT binding with F-actin at the leading edge is important in the
formation of F-actin bundle required for cellular migration [259]. Upon treatment with
peptide 5, the peptide binding to filopodia/F-actin dissociates AMOT from F-actin
and the dissociated AMOT translocates from the leading edge to the cell cytoplasm
(Fig. 4.11B). This suggests that AMOT dissociation disrupts F-actin bundle at the
leading edge which may retard cell migration.

4.3.7

Mass-spectroscopy-based proteomic analysis of global

protein expression
Proteomics is an universal approach for detecting significant differences among cellular states. To investigate whether the peptide 5 affects the particular proteins implicate in cancer migration, we conducted a aass-spectroscopy-based proteomic experiment using HeLa cells. From the proteomics data, 695 differentially expressed proteins
were filtered out with threshold value of expression fold change and P value of <0.05
from 6224 identified proteins (Fig. A32). Using the differentially expressed proteins,
a heatmap was generated. The heatmap results showed the peptide treatment altered
the expression of the global proteome of HeLa cells with distinct categories of proteins
based on the significant change in the expression level (Fig. 4.12). The proteins in these
distinct categories involve integrins, cytoskeleton and metabolism-related. The integrins of the treated groups were showed up regulation in their expression, suggesting
the high expression of integrins may enhance the peptide to form microdomain on the
apical membrane. However, cytoskeleton-related proteins show differential expression.
Although, some cytoskeleton-related proteins show up-regulation at the beginning, but
their expression is reduced gradually and specially at 24 h incubation with peptide 5.
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Figure 4.11: IF image of AMOT localization through F-actin binding upon treatment
with peptide 5. A) Expression of AMOT and F-actin bundle at the leading edge of the
untreated cells. B) AMOT cytoplasmic translocation and disruption of F-actin bundle
upon the treatment with peptide 5 (50 µM for 24 h). AMOT is represented in red.
F-actin is represented in green. Nucleus is represented in blue.
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Figure 4.12: Global proteome of HeLa cells upon treatment with peptide 5 Heatmap
presentation of the differential expression of proteome of HeLa cells. Down regulated
proteins are represented in blue. Up regulated proteins are represented in red. Scale,
0.0 to 2.3.

This finding explains that the peptide may affects cytoskeleton proteins at longer treatment.
On the contrary, the down regulation are observed in the metabolism-related proteins (Fig. 4.12). Among the metabolism proteins, the glycolysis ATP synthesis enzymes, such as ALDOA (aldolase), ENO1 (enolase I), PGK1 (glycocerate-3P-kinase),
GAPDH (glyceraldehyde-3P dehydrogenase), PGAM1 (Phosphoglycerate mutase), TPI1
(triose-P isomerase), PFKP (phosphofruktokinase) and PFKM (phosphofruktokinase)
are also found to be down-regulated. This down-regulation is consistent with the low
ATP production by the 3D spheroid cells upon the peptide treatment. Apart from
these, a significant increase in the expression of HSPG was obtained upon the peptide
treatment. The increase of the HSPG might be incorporated with integrins to form
self-assembly clusters appeared on the apical membrane.
To further access the peptide-induced proteomic profile change over time, we analyzed the differential expressed proteins based on the GO (www.geneontology.org) and
subcellular localization classification. According to the GO term analysis, the proteins
were divided into three major categories: biological process (3932), cellular component
(2759) and molecular function (1114) (Fig. A33). Among the three categories, the
most proteins belong to the biological process. The number of proteins are reduced in
the cellular component and molecular function classifications.
Further investigation about their localization into cellular compartment, the dif-
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Figure 4.13: Gene Ontology (GO) sfunctional classification based on subcellular
localization of the global proteome of HeLa cells upon peptide 5 treatment.
ferential expressed proteins shown to be localized into 8 subcellular organs and these
include extracellular, nucleus, cytoplasm, plasma membrane, mitochondria, endoplasmic reticulum, cyto-nucleus and peroxisome (Fig. 4.13). Proteins belong to the extracellular location (86 proteins, 12%) and the plasma membrane (43 proteins, 6%) were
up regulated. These are consistent to the overexpression of HSPG and integrins that
form cluster with peptide fibers on the plasma membrane. On the other hand, the
proteins in the mitochondria (156 proteins, 23%) and cytoplasm (44, 6%) were downregulated. Although, there are many proteins belong to the cytoplasm, the proteins of
glycolytic pathway were included. These data strongly support that the peptide can
down regulate the metabolic proteins which are associated with the depleted energy
production.
To explore further insight about the proteins of the biological process, we examined
the enrichment analysis of the proteomes. The enrichment data of the biological process revealed that a number of proteins involves in the metabolic processes including
nucleoside monophosphate, purine nucleoside phosphates, and purine ribonucleoside
phosphates, ATP synthesis, oxidative phosphorylation, ion transportation, mitochondrial translation, termination, and so on, are down regulated (Fig. 4.14A). These are
the consequences of the down regulation of metabolic proteins located in the cytoplasm
and mitochondria. Notably, the proteins related to extracellular structure and matrix
organization are up regulated (Fig. 4.14B), suggesting the peptide mimicking ECM
might alter the ECM property.
The up regulated proteins in the molecular component category are belong to extracellular related component/matrix (Fig. 4.14C), which is consistent to those of in-
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Figure 4.14: Enrichment analysis of the differential expressed proteins of HeLa cells
upon peptide 5 treatment. A) Up regulation of protein of Biological process category. B) Down regulation of proteins of Biological process category. C) Up regulation
proteins of Cellular component category. D) Down regulation of proteins of Cellular
component category.
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Figure 4.15: Enrichment analysis of the differential expressed proteins belong to the
KEGG pathway of HeLa cells upon peptide 5 treatment. A) Down regulation of the
proteins. B) Up regulation of the proteins. Light red colored box is highlighted up
regulation. Light blue colored box is highlighted down regulation.

tegrin overexpresion assay where more integrins involved in cluster formation upon
peptide treatment. Whereas, the down regulated proteins correlate mitochondrial related membrane/matrix (Fig. 4.14D). This down regulation of mitochondrial proteins
might be the part of mitochondrial respiration injury and hypoxia are commonly occurred in cancer cells [260]. The further molecular function analysis revealed that
the proteins involve in the functional activities of ATP synthesis, NAD(P)H and ion
transportation which were down regulated (Fig. A34A). Conversely, the extracellular
matrix constituent and integrin binding proteins were up regulated (Fig. A34B), which
are consistent for all cases of enrichment analyses.
We further analyzed the proteomes according to the KEGG pathway and observed
that oxidative phosphorylation occurred in mitochondria, and metabolic pathways
were down regulated, besides some diseases such as Parkinson, Alzheimer and Huntington (Fig. 4.15A). While up regulation was found for ECM-receptors interaction
(Fig. 4.15B), suggesting that the laminin-derived IKLLI binds to its receptors, integrin
β1 and HSPG.
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4.3.8

Peptide assembly inactivates YAP in xenograft tumor

During treatment, peptide 5 injected around the tumor formed gel. This gel was
visible by the necked eyes. When we dissected the mice, the gel was observed around
the tumor, we called it "peritumor gel" (Fig. 4.16A and B). The peritumor gel formation was quite massive. This massive gel may squeeze the tumor size from the
surroundings. We asked whether peptide 5 has any change after forming peritumor
gel. We evaluated the morphology of the peptide before and after injection using TEM
(Fig. 4.16C and E). TEM images revealed that the peptide in the peritumor gel completely changed the morphology. This morphology resembles the morphology of the
pure collagen (Fig. 4.16D). This suggests that the peptide may self-assemble/cross link
with ECM collagen as the collagen is the most abundant protein in a body [261]. We
thus conducted HPLC and mass experiments to clarify the presence of the peptide in
the gel. Comparing with HPLC and mass spectra of the peptide before injection and
the peritumor gel, the data clearly showed that there is no difference between them
in their spectra. By analyzing the HPLC spectra, the peptide in the peritumor gel
appeared at the same time as of the original peptide (Fig. A36A).
On the other hand, both the peritumor peptide and original peptide the mass spectra showed the same mass (Fig. A36B). Additionally, we tested the mechanical property
of the peritumor gel by running the dynamic strain and frequency sweeps. The dynamic
strain profile displayed that the peritumor gel contents the maximum storage modulus
2.1 kPa and the critical strain 13%, and the original peptide contents the maximum
storage modulus 38.9 kPa and the critical strain 0.055% (Fig. A37A). Comparing the
critical strains between the peptides, the peritumor gel is very stiff. On the other hand,
the frequency profile demonstrated that the peritumor gel is mechanically softer than
the original peptide (Fig. A37B). Stiff and soft biomaterials have been known to show
impact on inactivation of nuclear YAP which in consequence inhibit cellular migration
[4]. Therefore, we might observe YAP inactivation in 2D cells.
YAP nuclear localization correlates with increased transcription activity and hence
promotes migration. When the nuclear YAP exits into cytoplasm that corresponds to
the migration inhibition. To know whether the peptide can relocate the nuclear YAP
in cytoplasm, we did immunohistochemistry of the tumor slices. The control tumor
slice shows YAP nuclear localization (Fig. 4.16F), whereas, the treated tumor slice
displays cytoplasmic YAP localization (Fig. 4.16G). These observations indicate that
the peritumor gel formation enable to reduce xenograft tumor growth through YAP
inactivation.
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Figure 4.16: Peritumor gel formation around the xenograft tumor inactivates YAP.
A) Peritumor gel formation after treatment with 10 mg/kg body weight around the
xenograft tumor. B) Zoom in of A). TEM of peritumor gel C), pure collagen D) and
peptide 5 E). Scale bars, 200 nm. Gel concentrations, 5 mg/mL in PBS at pH 7.4.
Immunohistochemistry of YAP of MCF-7/GFP tumor without F) and with peptide 5
treatment G). Scale bars, 50 µm.

114

4.4

Integrin-targeting MSA peptide 5 inhibits cancer metastasis via YAP
inactivation

Conclusion

Integrin β1 is highly expressed in many cancer cells [234]. This integrin is as a
receptor for IKLLI peptide derived from laminin α chain [182]. Our overexpression
assay demonstrates that peptide 5 having the same binding sequence regulates spatial
distribution of integrin β1 on the apical membrane where the peptide binds to the
integrin β1. The binding triggers MSA-guided microdomain formation at the binding
sites on the apical membrane and thus increases the expression of the integrins shown in
proteoimics. In addition of the integrins, HSPG expression also increases several folds,
which may take part together with integrins in the cluster formation. The Congo red
and SEM images demonstrate that the self-assembly of the peptide fibers physically
interacts with microvilli and filopodia of the cells on the apical membrane forming
self-assembling peptide microdomain.
The microvilli-peptide interconnection may interrupt in regulating substrate transport and energy metabolism, release of exosomes, gating of ion fluxes are important for
cellular communication and hence in migration [262–266]. Exosome quantification assay demonstrated that the peptide reduces the number of exosome secretion. Whereas,
proteomics analysis revealed that the metabolic activity and ion transporter activity
are dramatically reduced by the peptide. On the other hand, the peptide binding
filopodia causes AMOT dissociation from F-actin at the leading edge of the cells and
disrupts F-actin bundle formation. Through the disrupted F-actin, the peptide may
inactivate YAP transcriptional activity through cytoplasmic translocation. Cytoplasmic YAP translocalization is also observed in in vivo and thus might reduce xenograft
tumor growth.

Summary
Here we demonstrate a new strategy for treating cancer metastasis by molecular selfassembly (MSA) of peptide through integrin β1/heparan sulfate proteoglycan (HSPG)
targeting (Fig. 4.17). We design and synthesize a library of 29 peptides containing
the ECM derived integrin-targeting binding motifs as well as self-assembly building
block conjugating the peptide motifs. The self-assembly property of the synthesized
peptides is examined via gelation test. Among the peptides, 14 peptides self-assemble
in aqueous medium into β-sheet nanostructures with various morphologies such as
nanotape, nanotube, nanofibe and glass-like.
After characterization of the self-assembling properties, the peptides are tested
for cytotoxicity and anti-cancer effects against several types of cancer cells as well as
stroma cell. Among the peptides, the laminin-derived self-assembling peptides such as
peptides 5, 6, 9, 10 and 16 selectively inhibit cancer migration. Peptides 9 and 10 of
the 5 peptides are cytotoxic specific to cancer cells, whereas, other 3 peptides are nontoxic. Further biological characterization of peptide 5 shows potent inhibition on cancer
invasion, 3D spheroid growth and spreading, and tumor suppression on xenograft mice
model.
The underlying molecular mechanism on anti-metastatic effect induced by peptide
5 is explored. The peptide assembly is found to attach to filopodia and microvilli on
the apical membrane. The peptide assembly on the apical membrane modulates spatial
distribution of the integrins on the apical membrane. Proteomic analysis demonstrates
that the peptide up regulates the expression of integrins and HSPGs, which may facilitate more peptides to be self-assembled into nanostructured microdomain formation
on cancer cell membrane as a nano-biointerface.
The molecular consequences of the bio-nanointerface is examined on mechanotransduction related oncoprotein YAP, a core protein of the Hippo signaling. The peptide
inactivates oncogenic activity of YAP may be occurred through actin cytoskeleton.
The peptide also induces AMOT diffusion into cytoplasm from the F-actin bundle and
disrupts F-actin bundle at the leading edge. This disruption may cause YAP nuclear
exit into cytoplasm, where YAP may be retained.
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Figure 4.17: Integrin and heparan sulfate dual-targeted peptide assembly targets
upstream functional domain-integrins inducing downstream YAP inactivation. A)
Schematic illustration of dual-targeted ligands binding to integrin or heparan sulfate. B) Schematic illustration of YAP inactivation via integrin/heparan sulfate dualtargeted peptide assembly. C) Chemical structure of integrin/heparan sulfate dualtargeted self-assembling peptide 5.
Finally, the peptide is applied in xenograft tumor models in mice to examine the
efficacy of the the peptide as a anti-metastatic drug. The peptide suppresses tumor
growth in a dose-dependent manner. The molecular mechanism on the tumor suppression is found to be consistent to the in vitro results showing YAP inactivation. This
study represents an effective design strategy for the development of anti-metastatic
drug via nano-biointerface fabrication technology that may be used as a down stream
gene modulating tool.
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Figure A.1: A simplified scheme of peptides 1 and 2 synthesis.
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Figure A.2: A simplified scheme of peptides 7, 8, 9 and 10 synthesis.
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Figure A.3: A simplified scheme of peptides 11 and 12 synthesis.
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Figure A.4: A simplified scheme of peptides 13 and 14 synthesis.
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Figure A.5: A simplified scheme of peptides 15 and 16 synthesis.
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Figure A.6: A simplified scheme of peptides 17 and 18 synthesis.
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Figure A.7: A simplified scheme of peptides 19 and 20 synthesis.
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Figure A.8: A simplified scheme of peptides 21 and 22 synthesis.

Figure A.9: A simplified scheme of peptides 23 synthesis.
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Figure A.10: A simplified scheme of peptides 24 and 25 synthesis.
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Figure A.11: A simplified scheme of peptides 26 and 27 synthesis.
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Figure A.12: A simplified scheme of peptides 28 and 29 synthesis.
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Figure A.13: Oscillatory strain sweep profiles of positive charge peptides 1 to 16
prepared in PBS buffer at 10 mM concentration. A) Peptide 1 and 2. B) Peptide 3 to
6. C) Peptide 7 to 10. D) Peptide 11 to 14. E) Peptide 15 and 16.
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Figure A.14: Oscillatory strain sweep profiles of negative charge peptides 17 to 29
prepared in PBS buffer at 10 mM concentration. A) Peptide 17, 18 and 23. B) Peptide
19 and 20. C) Peptide 21 and 22. D) Peptide 24 to 25. E) Peptide 26 and 27. F)
Peptide 28 and 29.
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Figure A.15: HeLa cell viability upon treatment with 29 peptides. Cell were incubated with 50 and 100 µM concentrations of peptide 1, 2, 3, 4, 7, 8, 11,12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28 and 29 for 24, 48 and 72 h.
Viability was measured by PI staining and analyzed using Imaging Flow Cytometry.
Blue dots are live cells, red dots are dead cells and the corresponding numbers are in
percentages
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Figure A.16: HS-5 cell viability upon treatment with 29 peptides. Cells were incubated with 50 and 100 µM concentrations of peptide 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28 and 29 for
24, 48 and 72 h. Viability was measured by PI staining and analyzed using Imaging
Flow Cytometry. Blue dots are live cells, red dots are dead cells and the corresponding
numbers are in percentages

214

Appendices and Supplementary Data

215

Figure A.17: Cell viability of 5 and 6 on HeLa, Hep G2, Huh-7, MNK-7,
NIH:OVCAR-3, PANC-1 and HS-5 cell lines using MTT assay. Cells were incubated
with 5, 10, 25, 50 and 100 µM for 24, 48 and 72 h. Regular culture medium was used
as control experiment.
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Figure A.18: Effect of the peptides 1-29 on HeLa cells migration. A) Line graphs
showing the relative wound closure (%) of HeLa cells upon treatment with peptides
1-4, 7-8 11-15, 17-29 at the concentrations of 5, 10, 25, 50 and 100 µM over 24 h ("X"
axis is incubation time).
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Figure A.19: Effect of the peptides 1-29 on HS-5 cells migration using wound healing
assay. Cells were incubated with 5, 10, 25, 50 and 100 µM concentrations prepared in
2% FBS containing DMEM, and the low FBS containing medium was used as control
experiment. The cellular migration was monitored using IncuCyte. Cellular migration
was calculated as wound healing rate (%). ("X" axis is incubation time)
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Figure A.20: Effect of 5 and 6 on Huh-7, PANC-1/GFP and SKOV-3 cells migration
using wound healing assay. Cells were incubated with 5, 10, 25, 50 and 100 µM
concentrations prepared in 2% FBS containing DMEM, and the low FBS containing
medium was used as control experiment. The cellular migration was monitored using
IncuCyte. Cellular migration was calculated as wound healing rate (%).
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Figure A.21: Expression of knockdown integrin β1 (ITGB1) in HeLa cells. A) Western blot represents expression of knockdown integrin β1 (ITGB1) and scramble plasmid.
The integrin β1 was knocked down in HeLa cells using shRNA integrin β1 plasmid and
scramble plasmid. B) Histograms represent the quantification of their expression levels.
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Header line description of table 1
Identified proteins Number of proteins detected by spetrum search analysis
Quantifiable proteinsNumber of proteins quantifiable

Table 1. MS/MS spetrum database search analysis summary
Identified proteins
Quantifiable proteins
6224
5472

Table 2. Differentially expressed protein summary (Filtered whith threshold value of
expression fold change and P vlaue < 0.05)
Compare group

Regulated type

fold change
>1.2

12h/Cont

up-regulated
down-regulated
up-regulated
down-regulated
up-regulated
down-regulated
up-regulated
down-regulated
up-regulated
down-regulated
Total

55
86
62
67
40
50
142
64
28
101
695

24h/Cont
2h/Cont
48h/Cont
6h/Cont

fold
change
>1.3
13
20
31
11
11
18
62
22
10
24

fold
change
>1.5
4
1
11
0
7
2
24
6
6
1

fold
change >2
3
0
3
0
5
0
6
0
3
0

Figure A.22: Differentially expressed proteins. Table 1 of number of proteins identified by MS/MS analyses. Table 2 of summary of the differentially expressed proteins.
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Figure A.23: Histograms represents the GO level classification of the differential
expression of the global proteome.
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Figure A.24: Enrichment analysis of the differential expressed proteins belong to the
Molecular function category of HeLa cells upon peptide 5 treatment. A) Up regulation.
B) Down regulation.
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Figure A.25: MCF-7/GFP xenograft tumor growth curve without/with peptide 5
treatment. Tumor volume (mm3 ) of DPBS and treatment groups. Tumors were measured before every treatment. Each group contents 3 mice.
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Figure A.26: Identification of peptide 5 in the peritumor gels. A) HPLC spectra of
the peritumor gel and peptide 5. B) Mass spectra of the peritumor gel and peptide 5.
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Figure A.27: Mechanical property of the peritumor gels. A) Dynamic strain sweep
profile of the peritumor gel and peptide 5. B) Dynamic frequency sweep profile of the
peritumor gel and peptide 5. Both gels are prepared at 10 mM in PBS at pH 7.4.
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