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ABSTRACT

Objectives: Vascularization is an important stage for tissues and organs. The vascular network is succeeded
by the attachment, spreading, proliferation of endothelial cells, and the completion of endothelialization.
Endothelization can be mediated by laminin-derived peptides on microtissues. It is known that laminin-derived
Tyr-1le-Gly-Ser-Arg (YIGSR) peptide contributes to endothelial microtissue formation by promoting increased
adhesion and proliferation of endothelial cells. This study aims to determine the efficacy of the laminin-derived
YIGSR peptide in Human Umbilicial Vein Endothelial Cell (HUVEC) scaffold free microtissues (SFMs).
Methods: After solid phase synthesis of YIGSR, microtissues were formed as SFMs. SFMs were cultured
with 0 mM (control group), 1.5 mM and 3 mM YIGSR peptide. Diameters and viability analysis of HUVEC
SFMs were performed on the 1%, 4" and 7" days.

Results: The diameters of control SFMs group decreased day by day. Diameters of 3 mM YIGSR SFMs
increased on the 1% and 4" days but significantly decreased on the 7* day. On the other hand, 1.5 mM YIGSR
had a tendency on tissue formation because of increased diameter. As a result of the viability, YIGSR peptide
increased cell viability.

Conclusions: It has been determined that 1.5 mM YIGSR is the optimum amount for enlargement and viability
of HUVEC SFMs. The concentration has contributed to proliferation and viability of endothelial SFMs. Thus,
1.5 mM YIGSR has been found as the most promising peptide concentration for increasing vascularization.
Keywords: Scaffold free microtissues, HUVEC microtissue formation, YIGSR peptide synthesis

Tissue engineering studies have become popular in
the scientific world with the increasing need for
organ transplantation. One of the difficulties of organ
transplantation is that the tissue cannot be vascularized
[1, 2]. However, vascularization is essential for tissue
viability. Nutrient and oxygen deficiency causes loss
of functions of organs or tissues and necrosis. How-
ever, the formation of a stable microvascular network

is required for long-term viability and cellular function
[3, 4]. To secure tissue functions, the vascularization
period should be understood clearly.

Vascularization is a process that plays a key role
for viability of tissues. It is known that the signal net-
work that endothelial cells establish with the extracel-
lular matrix (ECM) is the beginning of new vessel
formation. Endothelial cells are flat epithelial cells
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covering the inner surface of the vessel, located be-
tween blood and vein walls. Human Umbilical Vein
Endothelial Cells (HUVECS) are the most commonly
used cell types in vascular research. HUVECs have
high proliferation capacity during vascularization [3].
The formation of vasculogenesis mainly begins with
the proliferation of endothelial cells and continues
with the migration of cells to the vascular formation
region. Eventually forms a tubular structure in re-
sponse to vascular growth factors [5, 6]. Therefore, the
proliferation and viability of HUVECs are critically
important to understand the vascular mechanisms.
Although preliminary experiments of tissue engi-
neered studies are mostly conducted in two dimen-
sional (2D) cell culture [7, 8], fundamental behaviours
and functional properties of cells are restricted by 2D
culture. Traditional 2D culture is also limited for ex-
tracellular matrix (ECM) production [9]. The lack of
ECM affects proliferation, cell survival mechanism,
differentiation of cells and mechano responses. More-
over, the limitations of the 2D monolayer system en-
genders non-transferable nutrients, oxygen, and waste.
The limitation causes to break down cell metabolism
[10]. However, Baker and Chen [11] showed that 3D
culture improved the physiological structures and
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functional properties of the cells . One of the types of
3D is scaffold free microtissues (SFMs). SFMs can be
regarded as an ideal model because they have similar-
ities to the in vivo cells in terms of expression of genes
and production of proteins [12, 13]. Since ECM is one
of the main factors that play a role in the vasculariza-
tion process, limited production of ECM may cause
the process to be poorly understood. Therefore, con-
sidering architecture and cell to matrix interaction of
vessels, SFMs may be more realistic approaches than
traditional 2D methods. SFMs can mimic natural tis-
sue responses and productions of ECM proteins. It al-
lows intercellular interactions and synthesizes their
own ECM [13].

Proteins, one of the basic components of living
things, have various mechanisms of action in endothe-
lial cells. Proteins consist of different bioactive se-
quences. Specific chains allow for easier observation
of the effects of the protein. Proteins or protein frag-
ments which are located in the basal membrane are
known to play an important role in cellular behavior.
Laminin, consisting of three polypeptide chains, is one
of the main glycoproteins of the basal lamina. It has
the effects of increasing the lifespan and quality of en-
dothelial cells [3, 14]. The glycoprotein affects
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Fig. 1. YIGSR sequence configuration on laminin structure.
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growth, differentiation, adhesion, proliferation and
spreading of cells [15, 16]. Tyr-Ile-Gly-Ser-Arg
(YIGSR) sequence is one of the active parts of the
laminin protein. The part is found in the B1 chain of
the laminin (Fig. 1) [17]. Previous studies have been
shown that YIGSR has effects on various cellular
events such as differentiation, migration and prolifer-
ation [18-21]. The peptide has also the ability of
spreading and growth-promoting effects of endothelial
cells [3, 22, 23]. Identification of concentration of
YIGSR sequence is important in the activity of en-
dothelial cells. Previous studies have shown that the
growth, adhesion and migration of endothelial cells
depend on YIGSR concentrations [3, 22, 24, 25].
YIGSR leads to proliferation and endothelialization of
HUVEC:s in the monolayer system. In light of this in-
formation, laminin-derived YIGSR peptide can be
used as a regulator for the micro-vascularization in tis-
sue-engineered constructs. However, the effects of
YIGSR on the fabrication of HUVECs SFMs has not
been determined in the literature yet.

The study aims to determine the optimum laminin-
derived YIGSR peptide amount on scaffold-free
HUVEC microtissue. The viability and proliferation
level of endothelial cells are important for prevascu-
larization. Martin, F. et al showed that the differentia-
tion state and development of the generated SFMs can
be identified by diameter calculation and SFMs mat-
uration [26]. Moreover, Karaman and Yarali [27]
demonstrated that SFMs diameter measurement can
relate to SFMs growth and viability analysis. There-
fore, diameter analysis can be used to identify healthy
growing SFMs [27, 28]. In this context, the diameter
and viability analyzes have been performed on
HUVEC SFMs with different YIGSR peptide concen-
trations.

METHODS

Synthesis of YIGSR Peptide

All chemicals used for peptide synthesis were pur-
chased from AAPPTEC (Louisville, KY, USA). Tyr-
Ile-Gly-Ser-Arg (YIGSR) sequences were added on 9
fluorenyl methoxycarbonyl (Fmoc) protected 4-
Methylbenzhydrylamine (MBHA) resin (0.67 mmol/g
loading capacity) as previously described procedure
[28]. Briefly, the resin was swollen by dimethylfor-

mamide (DMF) for 30 minutes. Then, deprotection
process was performed to separate the Fmoc from
resins. Under the nitrogen gas, 2 eq. (based on loading
capacity of resin) Fmoc-protected amino acid, 2 eq. 1
Hydroxy benzotriazole (HOBt), 2 eq. O-Benzotriazol-
1-yI-N,N,N,N’ tetrametiluronyum-hexafluorophos-
phate (HBTU) and 4 eq. N,N Diisopropylethylamine
(DIEA) was added in DMF. This mixture was incu-
bated for 4 hours to bind amino acids. After determin-
ing whether the amino acid was bound with the
ninhydrin test, Fmoc protecting group ends were re-
moved by using cyclohexylamine. To complete the
process, the amino acids of YIGSR were added se-
quentially. After peptide synthesis was carried out, the
obtained sequence was cleaved from resin by using
2.5% triisopropylsilane (TIPS), 2.5% distilled water
(DIW), and 95% trifluoroacetic acid (TFA). This mix-
ture was shaken gently 1 hour per 20 min. Then, ice
cold (-20°C) diethyl ether was added. After the sus-
pension was centrifuged at 4500 rpm and 25°C for 10
minutes. Finally, the obtained pellet was freeze-dried
for 5 hours.

Culture of Human Umbilical Vein Endothelial
Cells (HUVECs) SFMs

All cell culture equipment and reagent were taken
from Sigma (St. Louis, Missouri, ABD) and HUVECs
were taken from Ege University Bioengineering De-
partment. HUVECs were cultured at 36°C, 5% carbon
dioxide, 70-80% humidity. Dulbecco's Modified Eagle
Medium (DMEM) which contains 10% Fetal Bovine
Serum (FBS), 1% L-Glutamine, 1% Penicillin/Strep-
tomycin was used to culture HUVECs. The medium
was refreshed per 2 days. After reach to 80-90% con-
fluency, cells were washed with Phosphate Buffer
Saline (PBS). After trypsinization with Trypsin/EDTA,
60.000 /75 pl cells added into 3D agarose mold.

Agarose mold which is prepared as 2% agarose
was constructed by sterilized 3D Petri Dish. Agarose
mold was incubated in Endothelial Basal Medium
(EBM-2, CC3156, Lonza) media without serum. After
removing media from agarose, the molds were incu-
bated for 30 minutes to allow the cells to settle into
the wells. Subsequently, EBM-2 was added on agarose
mold.

1.5 mM YIGSR and 3 mM YIGSR peptide con-
centrations were prepared with EBM-2 as serum free
(Fig. 2). Then the mixtures were filtered by 0.22 pm
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Live and
Dead Assay

Microtissue Diameter
Photos Analysis

Fig. 2. Diagram of microtissue fabrication and application of YIGSR peptide on HUVEC SFMs: After monolayer culture of
HUVEC, SFMs were fabricated in 3D Petri Dish. Control, 1.5 mM and 3 mM YIGSR concentrations were analyzed by images,

diameter and viability analysis of SFMs.

microfilter. Only EBM-2 were used without YIGSR
concentration as a control group. Each experimental
group was performed as triplet treatments (n = 3).

Diameter Analysis of HUVEC SFMs

To calculate and analyze enlargements of micro-
tissue, diameter analysis was performed. Microscopic
images of the microtissues were taken on the 1st, 4th
and 7th days by using Cell Sense Entry software
(Olympus, Germany). Diameter lengths of different
YIGSR containing microtissues in each group were
measured by Image-J (National Institutes of Health,
Bethesda, MD, USA) software. Average lengths and
standard errors were calculated as presented in Fig. 3.

Viability effects of YIGSR peptides on HUVECs
SFMs

To understand the effects of different YIGSR con-
centrations to the viability of HUVEC SFMs, viability
assay was performed. The protocol was applied as de-
scribed in previous studies [27, 28]. The rate of live
or dead cells in microtissue was indicated by Double
Staining Kit (Dojindo, Molecular Technologies, Inc,
Japan). After media was removed, the agarose molds

were washed 5 times with PBS. Images of live and
dead cells were taken by Olympus fluorescent micro-
scope. Images were taken 3 times for each SFMs (n =
9). Each live and dead cell images were merged. Ad-
ditionally, fluorescence pixel intensities for each mi-
crotissue group were measured by Image-J software.

Statistical Analysis

All experimental data was subjected to a one-way
analysis of variance (ANOVA) with Tukey's post hoc
test at a significance level of p*< 0.05, p** <0.01 and
p***<0.001.

RESULTS

HUVEC SFMs with concentrations of 0 mM, 1.5 mM
and 3 mM YIGSR were cultured as shown in Fig. 2. 0
mM YIGSR peptide concentration was used as nega-
tive control. Images of SFMs were taken on the 1%, 4%
and 7™ days as shown in Fig. 3. Three images of three
microtissues from each plate were taken (n = 9) by
using an inverted microscope. As it is seen, all micro-
tissue formations were greatly accomplished on the
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\

Fig. 3. Micrographs of SFMs at different concentrations on 1st, 4th and 7th days. Scale bar represents 100 pm size.

first day. In the following days, microtissue formation
continued successfully.

The diameters of the microtissues were measured with
Image-J Software (NIH) for each experimental group.
The average diameters of microtissues in 0 mM, 1.5
mM and 3 mM YIGSR peptide concentrations on the

first day are 219.89 +4.07 um, 252.2 + 10.2 um, 291.5
+ 8.9 um, respectively. On the fourth day, average di-
ameters are 217.35 +4.15 um, 264.8 £ 3.6 um, 284.5
+2.65 um, respectively. At the end of the experiments,
diameter measurements are 206.38 + 5.8 um, 288.66
+ 6.9 pm, 280.14 + 3.14 um, respectively.

#0mM YIGSR ® 1.5 mM YIGSR ®3 mM YIGSR

400

% %k %

un
=

e et & S - T ¥ R #5 )
LY | B — TV | I
— N — T — I — I —)

Diameter of Microtissues (um)

n
=

=

% % %

k¥
T 1

4 7

Time (Days)
Fig. 4. Effects of 1.5 mM and 3 mM YIGSR concentration on HUVEC microtissue diameters.
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On the 1st, 4th and 7th days, the highest signifi-
cant differences were observed at 0 mM and 3 mM
YIGSR concentrations (***p < 0.001). It is also seen
that there is a significant difference at 1.5 mM (***p
<0.001), on the 4th and 7th days. On the 1st day, there
was also a significant difference in microtissue diam-
eters including 1.5 mM YIGSR (**p < 0.05).

As a result of the diameter analysis, increases in
SFM sizes were observed at 0 mM and 1.5 mM pep-
tide concentrations (Fig. 4). However, SFMs diameters
were decreased in the 3 mM YIGSR group. The most
effective amount of used peptide concentrations was
found as 1.5 mM. Because the 1.5 mM YIGSR was
statistically significant to increase in microtissue sizes.
The viability of SFMs was performed on microtissues
which contained 0 mM, 1.5 mM and 3 mM peptide
concentrations. The fluorescent microscopy images
showing the live and dead cells for experimental
groups of YIGSR concentrations at day 7 were shown
in Fig. 5. A, B, and C, respectively.

A

3 mM

Fig. 5 also showed that the merge of red and green
images of SFMs. Red and green images were taken
singly for each SFMs and then these images merged
using Image J. The visual comparisons of Fig. 5. A, B,
and C show that varying concentrations of YIGSR
have noticeable effects on endothelial cell viability.
Pixel density analysis of each fluorescent image was
performed to quantify these visual comparisons. Mean
fluorescence pixel intensity values of 0 mM, 1.5 mM
and 3 mM YIGSR microtissues were determined as
shown Fig. 6.

The green and red color intensity of the 0 mM
YIGSR (control group) was accepted as 100 % and
this ratio was used for other peptide group compar-
isons. Among the used concentrations, 1.5 mM has a
higher green color density. According to pixel intensity
analysis, the amount of 1.5 mM YIGSR green color
intensity was 23.12 % higher than the green color in-
tensity of the control group. The excess of green color
has indicated that 1.5 mM YIGSR group enhanced cell

1.5mM

Fig. 5. Viability Assay (A) at 0 mM YIGSR concentration, (B) at 1.5 mM YIGSR concentration, and (C) at 3 mM YIGSR

concentration. The scale bar represents 100 pm.
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Fig. 6. Effects of 1.5 mM YIGSR and 3 mM YIGSR concentrations on SFMs viability.

viability. In addition, it is seen that the 1.5 mM YIGSR
group has a significantly low red color intensity com-
pared to untreated microtissues. 3 mM YIGSR in-
creased the viability rate by 9.77 % compared to the
control group. It was observed that the microtissues
with 3 mM YIGSR had approximately 14.5 % less red
color intensity than the 0 mM group. Both the decrease
in red color and the increase in green color indicated
that the use of YIGSR enhances the cellular vitality of
HUVEC SFMs. Although 3 mM contributed to viabil-
ity, it caused a decrease in microtissue diameters.
When all the results of used concentrations have been
evaluated, it has been determined that the most effec-
tive YIGSR concentration was 1.5 mM. This peptide
concentration contributed to viability significantly and
caused an increase in SFM diameter.

DISCUSSION

Biomaterials regulate cellular response and induce mi-
gration, differentiation, and proliferation through in-
creased cell-matrix and cell-surface interactions with
specific molecules. Surface coating with functional
parts of major extracellular matrix proteins such as
laminin, collagen and fibronectin can increase cell
proliferation, migration, and intercellular communica-

tion [29]. Therefore, the use of bioactive peptides for
enhanced tissue regeneration has recently taken an es-
sential trend in tissue engineering studies [3, 24, 30,
31]. For cell proliferation, attachment and spreading,
ECM mimicking bioactive peptides are important for
tissue engineered constructs. One of the ECM proteins
is laminin which affects cell attachment and spreading
[3, 30]. The reason is that cells with high surface ad-
hesion and spreading rate are more prone to forming
advanced tissues [32-35].

YIGSR is a pentapeptide, a laminin-derived pep-
tide, is found in the B1 chain of laminin protein. It has
a key role in cell metabolism. Ali et al. [3] and Jun and
West [22] indicated that YIGSR has important effects
in endothelial cell proliferation, cell-to-cell interac-
tions, adhesion, production of the extracellular matrix,
and migration. Although YIGSR is a known peptide,
the mechanisms of YIGSR have not been clearly en-
lightened, yet. Actually, YIGSR may interact with
ECM proteins such as integrin and laminin which is
mostly expressed in endothelial cells. Those molecules
binds cells onto ECM so they can enhance cell viabil-
ity and proliferation through cell receptor and ligand
interaction [36, 37]. The interactions of YIGSR and
integrin promote ECM connection which is critically
important for HUVEC microenvironments [38].
Moreover, the immobilization of YIGSR on ECM can
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strikingly enhance HUVEC proliferations and cell
movements [39]. Expression level of this receptor is
associated with cell proliferation and migration. Cor-
respondingly, Jun and West [22] showed that laminin-
derived YIGSR peptide increased the endothelial cell
proliferation and ECM production.

The study examined that 1.5 mM and 3 mM
YIGSR peptide concentrations enhanced the prolifer-
ation potency of HUVECs SFMs. SFMs with 1.5 mM,
and 3 mM YIGSR were used to understand the effects
of the YIGSR peptide on the diameter differences of
SFMs. Each experimental group was checked on the
Ist, 4th, and 7th days. All SFMs were created from the
first day. It was clearly seen that the diameters of 1.5
mM and 3 mM YIGSR increased at day 1 signifi-
cantly, but then there was decrease in diameter of
SFMs in 3 mM YIGSR group. The diameter of the
control group also decreased. At the end of 7th day,
less efficacy was seen in 3 mM YIGSR peptide con-
centration compared with 1.5 mM peptide concentra-
tion. Studies of Martin et al. [26], Karaman and Yarali
[27], and Yarali et al. [28] demonstrated that formation
of SFMs develops depending on the diameter enlarge-
ment of SFMs. In light of that information, we con-
cluded that both of YIGSR peptide concentrations
provide enlargement of HUVEC SFMs and con-
tributed to developing SFMs formation until the end
of the 4th day. However, 3 mM YIGSR peptide did not
show spread of SFMs. We predicted that 3 mM
YIGSR peptide may have accumulated among SFMs
because Iwamoto ef al. [40] demonstrated that YIGSR
may block binding proteins on cell membranes.

Andukuri et al. [41] indicated that YIGSR in-
creased attachment, proliferation and also viability of
HUVECs. YIGSR is a peptide that supports endothe-
lial tissue formation. A similar study was reported that
YIGSR promotes the activity of cellular metabolism
and contributes to HUVECs viability [42]. Ovadia et
al. [43] proved that 2 mM CGKGYIGSR peptide com-
bination in 3D hydrogel promotes induced pluripotent
stem cell (iPSC) viability. The increase in SFM via-
bility with the use of YIGSR peptide may also be as-
sociated with rising cellular metabolic activity. The
vascularization process, which is a dynamic event, is
very important for the sustainability of cellular vitality
for vascular tissue formation [5]. Our study also
showed that both 1.5 mM YIGSR and 3 mM YIGSR
groups increased the viability of cells. End of the 7th

day, 1.5 mM YIGSR and 3 mM YIGSR had more vi-
ability than the control group. Particularly, 1.5 mM
YIGSR peptide showed a significant augmentation in
SFMs viability [44]. According to the results, we pre-
dicted that the YIGSR peptide enhances the survival
of SFMs.

In this study, we examined the effects of the
laminin-derived YIGSR peptide on HUVECs SFMs.
The effects of 1.5 mM YIGSR and 3 mM YIGSR were
determined in terms of diameter and viability analysis
on HUVEC SFMs. As a conclusion, 1.5 mM YIGSR
peptide was the most effective concentration com-
pared with 3 mM YIGSR group and control group
without YIGSR.

CONCLUSION

Briefly, this study described the effect of laminin de-
rived YIGSR peptide concentration in vitro develop-
ment of HUVEC SFMs. YIGSR concentration
contributed to cellular metabolism and proliferation of
SFMs. Additionally, results confirmed that formation
and viability of SFMs could be supported by YIGSR.
Moreover, this study aimed to clarify the optimum
YIGSR concentration on developing SFMs. Conse-
quently, successful development of SFMs was ob-
served in the 1.5 mM YIGSR group. The results
observed that SFM formation and viability relates with
YIGSR concentration. We estimated that 1.5 mM
YIGSR concentration may promise to increase vascu-
larization since it contributed to proliferation and via-
bility of SFMs, which is the first step of
vascularization. In the prevascularization of the HU-
VECs SFMs, 1.5 mM YIGSR can be used to mimic
the native ECM protein structures for fabrication of
tissue-engineered constructs.
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