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ABSTRACT
Novel Nanofibrous Peptide Scaffolds for Tissue Regeneration

Wafaa Arab

A huge discrepancy between the number of patients on the waiting list for organ transplants
and the actual available donors has led to search for alternative approaches to substitute
compromised or missing tissues and organs. Tissue engineering is a promising alternative
to organ transplantation with the aim to fabricate functional organs through the use of
biological or biocompatible scaffolds. Nanogels made from self-assembling ultrashort
peptides are promising biomaterials for a variety of biomedical applications. Our group at
KAUST is interested in the development of novel synthetic peptide-based biomaterials that
combine the advantages of both natural and synthetic hydrogels for various applications.
In this study, we have investigated two compounds of a novel class of rationally designed
ultrashort peptides, Ac-IVFK-NH2 (Ac-Ile-Val-Phe-Lys-NH2) and Ac-IVZK-NH2 (Ac-IleVal-Cha-Lys-NH2). These compounds have an innate tendency to self-assemble into
nanofibrous hydrogels which can be used as 3D scaffolds, for example for the fabrication
of 3D skin grafts for wound healing. We have evaluated the efficacy of the peptide
scaffolds in treating full-thickness wounds in minipigs. Additionally, we assessed the
ability of these scaffolds in supporting skeletal muscle tissue proliferation and
differentiation. We found that our innovative nanogels supported a substantial increase in
human dermal fibroblast and myoblast growth and cells viability, and supported myoblast
differentiation.
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Also, microscopic observation of the direct contact of keratinocytes and fibroblasts
revealed enhancement in keratinocytes proliferation. In addition, we demonstrated the
ability of human umbilical vein endothelial cells to form tube like structure within peptide
nanogels using immunofluorescence staining. Moreover, we successfully produced
artificial 3D vascularized skin substitutes using these peptide scaffolds.
We selected these peptide nanogels and were able to produce in situ silver
nanoparticles within the nanogels, solely through UV irradiation, with no reducing agent
present. We then assessed the efficacy of the silver nanoparticle-containing peptide
nanogels on minipigs with full-thickness excision wounds. The application of the peptide
nanogels on full thickness minipig wounds demonstrated that the scaffolds were
biocompatible and did not trigger wound inflammation, and thus safe for topical
application. The effect of nanogels, both with and without the addition of the silver
nanoparticles, revealed that the scaffold itself has a high potential to act as an antibacterial
agent. Interestingly, the effect of the peptide nanogels on wound closure was comparable
to that of standard care hydrogels.
Furthermore, we have demonstrated that both peptides can act as printable bioinks
which opens up the possibility of 3D bioprinting of different cell types in the future. We
believe that the described results represent an advancement in the context of engineering
skin and skeletal muscle tissue, thereby providing the opportunity to rebuild missing,
failing, or damaged parts.

5

6

Publications generated from this PhD research:
1. Wafaa T Arab, Sakandar Rauf, Hepi H Susapto and Charlotte AE Hauser (2018)
Novel Ultrashort Self-Assembling Peptide Bioinks for 3D Culture of Muscle
Myoblast Cells. International Journal of Bioprinting 4 (2):1-13
2. Wafaa T Arab, Abdullah M Niyas, Kholoud Seferji, Hepi H Susapto, Irina
Alexander, Igor Cima and Charlotte AE Hauser (2018) Evaluation of peptide
nanogels for accelerated wound healing in normal minipigs. Front Nanosci
Nanotech, Volume 4(4): 1-9.
3. Wafaa T Arab, Zainab Khan, Kowther M Kahin and Charlotte A.E Hauser (2019)
Exploring Nanofibrous Self-assembling Peptide Hydrogels Using Mouse Myoblast
Cells for 3D Bioprinting and Tissue Engineering Applications. “Submmited”
4. Wafaa T Arab, Hepi H Susapto, Dana M Al-Hattab and Charlotte AE Hauser (2019)
Peptide nanogels as scaffold for fabricating dermal grafts and 3D skin models.
“under preparation”
5. Wafaa T Arab, Sakandar Rauf, Ohoud A-Harbi and Charlotte AE Hauser (2018).
Novel ultrashort self-assembling peptide bioinks for 3D culture of muscle myoblast
cells. Oral presentation given at NanoMed2018, 23-25 October 2018, Venice, Italy.

6

7

ACKNOWLEDGMENTS
First and foremost, all praise and gratitude is due to Allah, the Almighty, for helping
me and enabling me to overcome all obstacles to my studies.
I am deeply appreciative of the valuable support and guidance provided to me by
my advisor, Professor Charlotte Hauser, throughout my PhD journey. Her supervision has
been crucial in the completion of this thesis, and working with her has truly been a
rewarding experience.
I would like to express my sincerest gratitude to my beloved parents for their
abundant love, strength, and inspiration, but, more importantly, for their everlasting prayers.
I would not have been able to complete this degree without your support and patience. To
my siblings, I am truly thankful for your encouragement, patience and understanding
throughout this endeavor.
To my best friend, Ms. Huda Al-Zahrani, this thanks is long overdue. The endless
love, support, and camaraderie you add to my life has made you one of the most special
people to me, and I am forever grateful to have you in my life to motivate me through life’s
challenges.
I would like to take this opportunity to thank Dr. Irina Alexander and Dr.
Dhakshinamoorthy Sundaramurthi who helped me develop a better understanding of cell
culture techniques and biocompatibility assays. I would also like to express my thanks to
Mr. Hepi Susapto and Ms. Ohoud Alharbi who helped me in the TEM and SEM imaging
needed for my experimental work. Also, I thankful to Dr. Dana Al-Hattab for providing
friendly guidance and support.
7

8
Moreover, I am grateful to Prof. Jasmeen Merzaban, Prof. Andy Huang, and Prof.
Anna Mitraki for serving on my committee and providing friendly guidance.
Next, I would like to express my sincere appreciation to Ms. Kathy Emmenecker
and Ms. Sarah Ghalayini for their kind proofreading of my thesis.
Lastly, I would like to acknowledge, with thanks and appreciation, King Abdullah
University of Science and Technology (KAUST) for granting me the scholarship and
sponsoring my study.

8

9

TABLE OF CONTENTS

EXAMINATION COMMITTEE PAGE ........................................................................ 2
ABSTRACT ....................................................................................................................... 4
Publications generated from this PhD research: ........................................................... 6
ACKNOWLEDGMENTS ................................................................................................ 7
TABLE OF CONTENTS ................................................................................................. 9
LIST OF ABBREVIATIONS ........................................................................................ 17
LIST OF FIGURES ........................................................................................................ 19
I.

INTRODUCTION................................................................................................... 23

Chapter 1. History of tissue engineering....................................................................... 23
1.1 The potential of tissue engineering ......................................................................... 23
1.1.1 Natural biomaterial-based hydrogels ............................................................... 24
1.1.2 Synthetic polymer-based hydrogels ................................................................. 24
1.1.3 Rationally designed peptide hydrogels (smart ultrashort self-assembling
peptides) .................................................................................................................... 25
1.2 Skin tissue engineering ........................................................................................... 25
1.2.1 Skin structure and function .............................................................................. 26
1.2.1.1 Epidermis ...................................................................................................... 27
1.2.1.2 Basement membrane ..................................................................................... 27
1.2.1.3 Dermis ........................................................................................................... 27
1.2.1.4 Hypodermis ................................................................................................... 28
1.2.2 Types of skin defects ....................................................................................... 29
1.2.3 Wound healing cascade.................................................................................... 29

9

10
1.2.4 Skin repair technology ..................................................................................... 30
1.2.4.1 Skin grafts: autografts, allografts, and xenografts ........................................ 30
1.2.4.2 Current wound dressings............................................................................... 31
1.2.5 In vitro pre-vascularization of tissue engineering construct ............................ 34
1.3 Skeletal musle tissue engineering ........................................................................... 37
1.3.1 Skeletal muscle structure and function ............................................................ 38
1.3.1.1 Fascicles ........................................................................................................ 38
1.3.1.2 Myofibers ...................................................................................................... 38
1.3.1.3 Myofibrils ..................................................................................................... 38
1.3.2 Skeletal muscle native/self-regenerative pathway ........................................... 39
1.3.3 Skeletal muscle defects and healing cascade ................................................... 40
1.3.4 Skeletal muscles repair technology.................................................................. 41
1.3.5 Recent approaches to skeletal muscle regeneration ......................................... 41
1.3.6 Biomaterials for skeletal muscle regeneration ................................................. 41
1.4 Aim of study ........................................................................................................... 42
II. MATERIALS .......................................................................................................... 43
Chapter 2. Ultrashort Nanofibrous scaffold for tissue engineering aplications........ 44
2.1 Background ............................................................................................................. 44
2.2 Methods................................................................................................................... 45
2.2.1 Peptide synthesis .............................................................................................. 45
2.2.2 Preparation of peptide hydrogel ....................................................................... 46
10

11
2.2.3 Characterization of the topography and morphology of peptide hydrogels .... 47
2.2.3.1 Evaluation of fiber structures by Field-Emission Scanning Electron
microscopy ................................................................................................................ 47
2.2.3.2 Evaluation of fiber structures by Transmission Electron Microscopy (TEM)
................................................................................................................................... 47
2.2.4 Evaluation of mechanichal properties of peptide hydrogels ............................ 48
2.3 RESULTS ............................................................................................................... 49
2.3.1 Vial inversion assays (hydrogel formation) ..................................................... 49
2.3.2 Surface topograpy and morphology of peptide hydogels ................................ 49
2.3.2.1 The nanofibrous morphology of self-assembling peptides ........................... 49
2.3.2.2 Single fiber structure observation by transmission electron microscopy (TEM)
................................................................................................................................... 50
2.3.3 Mechanical properties and rheology measurement.......................................... 51
Chapter 3. Peptide nanogels as scaffold for fabricating dermal grafts and 3D skin
models............................................................................................................................... 52
3.1 Background ............................................................................................................. 52
3.2 Methods................................................................................................................... 52
3.2.1 Cell culture and growth conditions ...................................................................... 52
3.2.1.1 Human dermal fibroblasts, neonatal (HDFn)................................................ 53
3.2.1.2 Human umbilical vein endothelial cells (HUVEC) ...................................... 53
3.2.1.3 Human epidermal keratinocytes, neonatal (HEKn) ...................................... 53

11

12
3.2.2 Biocompatibility evaluation of tetrameric ultrashort self-assembling peptides in
2D culture.................................................................................................................. 53
A. Cell viability assay (MTT assay) ......................................................................... 53
B. LDH release (cytotoxic assay) ............................................................................ 54
C. Cell adhesion assay .............................................................................................. 54
3.2.3 Establishing 3D culture .................................................................................... 55
3.2.3.1 Biocompatibility evaluation of tetrameric ultrashort self-assembling peptides
within 3D culture scaffold ........................................................................................ 56
A. ATP production (3D cell proliferation assay) ...................................................... 56
B. Cytotoxicity assay (live/dead staining) ................................................................ 56
C. Actin cytoskeleton staining .................................................................................. 56
3.2.4 Histological examination ................................................................................. 57
3.2.5 Co-culture of skin cells .................................................................................... 58
3.2.5.1 Interaction of fibroblast and keratinocytes ................................................... 58
3.2.5.2 Tracking the coculture of keratinocytes and fibroblasts within 3D scaffold 58
3.2.5.3 Volume scope scanning electron microscopy ............................................... 59
3.2.5.4 Quantitative expression of IL-1α, IL-6, TGF-β1 and b-FGF ........................ 59
3.2.6 Fabrication of 3D vascularized skin constructs ............................................... 60
3.2.6.1 Tube formation assay .................................................................................... 60
3.2.6.2 Preparation of pre-vascularized dermal construct (angiogenesis assay) ....... 60

12

13
3.2.6.3 Preparation of 3D vascularized skin equivalent............................................ 60
3.3 Statistical analysis ................................................................................................... 61
3.4 RESULTS ............................................................................................................... 62
3.4.1 Metabolic activity of viable cells in the presence of peptide hydrogels .......... 62
3.4.2 Releasing of lactate dehydrogenase from damage cells in response to peptide
hydrogels ................................................................................................................... 63
3.4.3 Cellular adhesion results .................................................................................. 63
3.4.5 Establishing 3D culture construct .................................................................... 65
3.4.6 Mitochondrial production of ATP in response to peptide hydrogels ............... 66
3.4.7 Assessment of live/dead cells within 3D construct (cytotocxicity assay) ....... 66
3.4.8 Cellular distribution and alignment within the scaffold interactions ............... 67
3.4.9 Histological examination ................................................................................. 69
3.4.10 Co-culture tests results ................................................................................... 70
3.4.10.1 Interaction of Fibroblast and Keratinocytes ................................................ 70
3.4.10.2 Trackeing the co-culture of keratinocytes and fibroblasts within 3D scaffold
................................................................................................................................... 70
3.4.10.3 Artificial skin formation ............................................................................. 74
3.4.10.4 ELISA results for IL-1α, IL-6, TGF-β1 and b-FGF ................................... 75
3.4.11 Pre-vascularization of dermal construct (tube-like structure formation) and
fabrication of skin substitute ..................................................................................... 76

13

14
Chapter 4. Evaluation of peptide nanogels for accelerated wound healing in normal
minipigs ............................................................................................................................ 81
4.1 Background ............................................................................................................. 81
4.2 Methods................................................................................................................... 82
4.2.1 Evaluation of fiber structures by field-emission scanning electron microscopy
(FE-SEM) .................................................................................................................. 82
4.2.2 Evaluation of silver nanoparticles (AgNPs) formation by transmission electron
microscopy (TEM) .................................................................................................... 82
4.2.3 Rheology studies .............................................................................................. 82
4.2.4 Cell Culture and growth condition ................................................................... 83
4.2.4.1 Human dermal fibroblast, neonatal (HDFn) ................................................. 83
4.2.4.2 Establishing 3D culture ................................................................................. 83
4.3 Biocompatibility evaluations of peptide nanogels .................................................. 83
4.4 In vivo wound healing evaluation by peptide nanogels in minipigs ....................... 83
4.4.1 Animals and maintenance ................................................................................ 83
4.4.2 Wounding and chamber treatment ................................................................... 84
4.4.3 Full-thickness wound creation ......................................................................... 84
4.4.4 Hydrogels as wound dressings for minipigs full thickness wound .................. 84
4.4.5 Wound healing assessment .............................................................................. 85
4.4.6 Terminal procedure (animal euthanasia) ......................................................... 85
4.5 Statistical analysis ................................................................................................... 86

14

15
4.6 RESULTS ............................................................................................................... 87
4.6.1 Porous nanofibrous structure and in situ fabrication of silver nanoparticles ... 87
4.6.2

Biocompatibility studies .............................................................................. 88

4.6.2.1 MTT assay results ......................................................................................... 88
4.6.2.2 ATP production assay results........................................................................ 88
4.6.2.3 Cytotoxicity assay results ............................................................................. 89
4.6.2.4 Cellular morphology results .......................................................................... 89
4.6.2.5 In vivo wound healing evaluation by peptide nanogels in minipigs ............. 90
Chapter 5. Novel ultrashort self-assembling peptide bioinks for 3D culture of muscle
myoblast cells ................................................................................................................... 93
5.1 Background ............................................................................................................. 93
5.2 Methods................................................................................................................... 94
5.2.1 Hydrogel preparation ....................................................................................... 94
5.2.2 Scanning electron microscopy analysis ........................................................... 94
5.2.3 Cell culture and growth condition.................................................................... 94
5.2.3.1 Mouse myoblast cells (C2C12) ..................................................................... 94
5.2.3.2 3D Culture of myoblast cells in peptide hydrogels ....................................... 94
5.2.4

Biocompatibility studies .............................................................................. 94

5.2.5

Differentiation of myoblast cells within 3D culture construct ..................... 95

5.3 Statistical Analysis .................................................................................................. 95
5.4 RESULTS ............................................................................................................... 96
15

16
5.4.1 Biocompatibility studies .................................................................................. 96
5.4.1.1 Cell viability results (MTT assay) ................................................................ 96
5.4.1.2 Peptide cytotoxicity ...................................................................................... 96
5.4.1.3 Cell proliferation and ATP production in 3D hydrogels .............................. 97
5.4.1.4 Live/ dead assay results ................................................................................ 98
5.4.1.5 Cytoskeleton staining of C2C12 cells in 3D hydrogels ................................ 99
5.4.2 Differentiation of muscle myoblast ............................................................... 101
Chapter 6. Assessment of the printability of self-assembling peptide bioinks for tissue
engineering application ................................................................................................ 103
6.1 Background ........................................................................................................... 103
6.2 Methods................................................................................................................. 104
6.2.1

Printability of peptide hydrogels ................................................................ 104

6.2.2 3D Bioprinting of Myoblast Cells.................................................................. 104
6.2.2.1 3D Bioprinting ............................................................................................ 104
6.2.2.2 Live/Dead Assay ......................................................................................... 105
6.3 RESULTS ............................................................................................................. 106
6.3.1 Printability of peptide bioinks ........................................................................ 106
6.3.2 Cell viability results of 3D bioprinted structures ........................................... 107
III.

DISCUSSION AND CONCLUSION .............................................................. 108

BIBLIOGRAPHY ......................................................................................................... 117

16

17

LIST OF ABBREVIATIONS
2D

Two dimensional environments

3D

Three dimensional environments

AgNPs

Silver nanoparticles

AgNPs

Silver nanoparticles

ATP

Adenosine Triphosphate

B-FGF

Basic fibroblast growth factor

C2C12

Mouse myoblast cells

C2C12

Mouse myoblast cells

CAN

Acetonitrile

CEA

Cultured epithelial autograft

DCM

Dichloromethane

DIPEA

Diisopropylethylamine

DMEM

Dulbecco’s Modified Eagle Medium

DMF

Dimethylformamide

ECM

Extra-cellular matrix

FE-SEM

Field-emission scanning electron microscopy

FFT

Fast Fourier transform

HDFn

Human dermal fibroblast neonatal cells

HEKn

Human epidermal keratinocytes neonatal cells

HMDS

Hexamethyldisilazane

HOBt

Hydroxy benzotriazole

HUVEC

Human umbilical veins cells

IVFK

Ac-Ile-Val-Phe-Lys-NH2

IVZK

Ac-Ile-Val-Cha-Lys-NH2

LDH

Lactate dehydrogenase

LVR

Linear viscoelastic range

MyHC

Myosin heavy chain

OCT

Optimal cutting temperature

PBS

Phosphate-buffered saline
17

18
PCL

Polycaprolactone

PDGF

Platelet-derived growth factor

PEG

Polyethylene glycol

PLA

Polylactic acid

PLLA

poly-L-lactic acid

PVA

Polyvinyl alcohol

SEM

Scanning electron microscopy

SPPS

Solid phase peptide synthesis

TBTU

Tetramethyluronium hexafluorophosphate

TCP

Tissue culture plate

TEM

Transmission electron microscopy

TFA

Trifluoroacetic acid

TGF-β

Transforming growth factor

UV

Ultraviolet light

VEGF

Vascular endothelial growth factor

VML

Volumetric muscle loss

18

19

LIST OF FIGURES
Figure 1. 1 Human skin anatomy (https://creativemarket.com/BestPics/2706178-Detailedhuman-skin structure) .................................................................................................. 28
Figure
1.
2
Representation
of
wound
healing
cascade
(http://www.skincol.com/en/info/mechanic-of-action.html) ....................................... 30
Figure 1. 3 Overview of human skeletal muscle tissue structure
(https://www.barewalls.com/art-print-poster/muscle_bwc23437837.html) ................ 39
Figure 2. 1 Molecular dynamics simulation shows the process of self-assembly of ultrashort
amphiphilic peptide monomers to dimer structures and further to ﬁbrils that further
assemble to supramolecular networks of condensed ﬁbers as seen in the electron
micrograph by ﬁeld emission scanning electron microscopy (right picture). Ultrashort
peptides self-assemble into nanoﬁbers that form three dimensional nanogels 20, 162, 167.45
Figure 2. 2 The self-assembling peptides IVFK (4mg/ml) and IVZK (3mg/ml) generate
macromolecular nanofibrous hydrogels in an aqueous solution. ................................. 49
Figure 2. 3 Ultrashort peptides self-assemble into three-dimensional nanofibrous networks.
Field emission scanning electron microscopy images of 2.5 mg/mL bovine collage type I
(A, B, C), 4 mg/mL IVFK (D, E, F) and 3 mg/mL IVZK (G, H, I). ........................... 50
Figure 2. 4 Ultrashort peptides self-assemble into three-dimensional nanofibrous networks.
Transmission electron microscopy images for single fiber structure of 4 mg/mL IVFK (A)
and 3 mg/mL IVZK (B). .............................................................................................. 50
Figure 2. 5 Rheology result of 4 mg/ml IVFK and 3mg/ml IVZK peptide nanogels at a
temperature of 40°C. (A). Equilibrium moduli at 5 minutes, (B) oscillatory frequency
sweep test, and (C) oscillatory amplitude sweep test. ................................................. 51
Figure 3. 1 MTT assay representation of fibroblast cells incubated with different peptide
concentrations for 48 hours. Matrigel used as positive control (A), IVFK(C), IVZK (D)
and a standard curve for a known number of cells (B). TCP; negative control tissue culture
plate. Error bars, mean ± S.D. ...................................................................................... 62
Figure 3. 2 Cytotoxicity assay representation on fibroblast cells (A, B, C) and keratinocytes
cell (D, E, F) after 48 hour of incubation with different peptide concentrations. Matrigel
used as positive control (A, D), IVFK (B, E), and IVZK (C, F). TCP; negative control
tissue culture plate. Error bars, mean ± S.D. ............................................................... 63
Figure 3. 3 SEM images of fibroblasts grown on 3D scaffolds after 48-hour culture, IVFK
(A, B, C, D) and IVZK (E, F, G, H). White arrows indicate the fibroblast cells. ....... 64
Figure 3. 4 Proliferation and adhesion of HDFn over the scaffolds (4mg/ml IVFK and
3mg/ml IVZK) and cultured for 72 hours. Actin cytoskeleton fluorescence; nucleus shown
in blue, and F-actin is shown in red (A, C, E, G) and cell tracker green fluorescence (B, D,
F, H) and TCP; negative control tissue culture plate (A, B), represent the morphology and
the attachment of cells, respectively. Scale bars (50μm and 20μm, respectively. ....... 64
Figure 3. 5 : HDFn in 3D culture with subsequent addition of the medium on top after
peptide hydrogel formation. ......................................................................................... 65
Figure 3. 6 3D viability assays show a time-dependent increase in cell proliferation when
cells were encapsulated in peptide hydrogels (4mg/ml IVFK and 3mg/ml IVZK), Matrigel

20
(4mg/ml) was used as control with cultured cells for different time points. Error bars, mean
± S.D. ........................................................................................................................... 66
Figure 3. 7 Live/dead staining of human dermal fibroblast cells encapsulated in peptide
hydrogels (4mg/ml IVFK and 3mg/ml IVZK) and cultured for different time points.
Matrigel (4mg/ml) was used as a positive control (B, E, H, K), IVFK (C, F, I, L), and IVZK
(D, G, J, M) at days 3, 7, 14 and 21, respectively. TCP; negative control tissue culture plate
(A). Scale bars 100μm. ................................................................................................ 67
Figure 3. 8 Overlaid confocal fluorescent images of fibroblast cells encapsulated in peptide
hydrogels (4mg/ml IVFK and 3mg/ml IVZK) and cultured for different time points
(Nucleus shown in blue, F-actin shown in red and Vinculin in green). Matrigel (4mg/ml)
was used as positive control (B, E, H, K), IVFK (C, F, I, L), and IVZK (D, G, J, M) at days
3, 7, 14 and 21, respectively. TCP; negative control tissue culture plate (A). Scale bars
20μm. ........................................................................................................................... 69
Figure 3. 9 Microscopic images of human dermal fibroblast encapsulated in different
peptides hydrogels. Actin/ DAPI staining for cryosection 3D-cultured HDFn in IVFK (A)
and IVZK (B), H/E staining IVFK (C) and IVZK (D)black arrows show the nucleus
distribution, Collagen I expression shown with Masson trichrome in IVFK (E) and IVZK
(F) with arrows show the collagen deposition, after six days cultured. ....................... 71
Figure 3. 10 Bright field images represent the enhancement of keratinocyte proliferation in
co-culture with fibroblasts. The keratinocytes in contact with fibroblasts proliferated
significantly faster (G, H, I) than those not in contact with fibroblasts (D, E, F) after 7 days
of culturing with/without fibroblasts. Scale bars 50μm. .............................................. 72
Figure 3. 11 The viability of co-cultured cells on different scaffolds (4mg/ml IVFK and
3mg/ml IVZK), Matrigel used as a positive control (4mg/ml). Fibroblast stained with
tracker green fluorescence and keratinocytes with tracker red fluorescence. Overgrowing
of fibroblast on day 7 in Matrigel (A) and IVZK (C) compared to IVFK. On Day 14, skinlike structures formed on top of fibroblast on IVZK (F) compared to IVFK (E) and Matrigel
(D). Scale bars 100μm. ................................................................................................ 73
Figure 3. 12 The mitotic activity of fibroblast (green), keratinocytes (red) and nucleus (blue)
in 3D co-cultured constructs. The cells were cultured on different scaffolds (4mg/ml IVFK
and 3mg/ml IVZK), Matrigel used as a positive control (4mg/ml). Scale bars 100μm.74
Figure 3. 13: Volume scope scanning electron microscopy images of artificial skin
equivalent formation after 18 days. Cryosections confirmed the epidermal layer formation
shown in white arrows and fibroblast distributed in dermis layer, shown in black arrows.
Red arrows denoted the collagen secreted from human dermal fibroblast cells within the
middle dermis layer...................................................................................................... 75
Figure 3. 14: Quantitative expression of different cytokines; IL-1α (A) and IL-6 (B), and
growth factors; b-FGF (C) and TGF-β 1 (D) in both mono-cultured and co-cultured of
human dermal fibroblast and human epidermal keratinocytes with both scaffolds (4mg/ml
IVFK and 3mg/ml IVZK) after a period of 3 days. Matrigel (4mg/ml) was used as a positive
control and TCP (tissue culture plate) was used as a negative control. ....................... 76
Figure 3. 15 Confocal microscopic images for tube formation in 3D cultured HUVEC cells
within 4mg/ml IVFK, 3mg/ml IVZK, and Matrigel 4mg/ml after 14 days. HUVEC cells
stained with CD31 (red), vWF (green), and DAPI for nucleus (blue). Scale bars 100μm.
...................................................................................................................................... 78

21
Figure 3. 16 The vascularization of co-cultured cells on different scaffolds A: (IVFK; c, d)
and (IVZK; e, f), and (Matrigel a, b), at different time points, respectively. Nucleus stained
with blue, fibroblast stained with green fluorescence vimentin, and HUVEC with red
fluorescence CD31. B: the length of the formed vessels. Scale bars 100μm. ............. 79
Figure 3. 17 Fabrication of 3D co-culture vascularized skin constructs using (4mg/ml IVFK
and 3mg/ml IVZK), Matrigel was used as a positive control (4mg/ml). This figure is shown
Z-stack images across the entire depth of vascularized skin constructs. Vimentin, CD31,
and CK14 antibodies were used to stain fibroblast, endothelial cells, and keratinocytes,
respectively. Scale bars 100μm. .................................................................................. 80
Figure 4. 1 Transmission electron microscopy images of silver nanoparticles formation in
4 mg/ml IVFK (A) and 3mg/ml IVZK (B) in water using 10 mM AgNO3 in Tris buffer at
pH 8.............................................................................................................................. 87
Figure 4. 2 Graphical representation of an MTT assay using human dermal fibroblast cells
in the presence of different peptide concentrations within a period of 24 hours. IVFK (A)
and IVZK (B). .............................................................................................................. 88
Figure 4. 3 3D viability assay of human dermal fibroblast cells encapsulated in peptide
nanogels, 4mg/ml IVFK and 3mg/ml and 4 mg/ml Matrigel at different time points, such
as at 3,7,14 and 21 days. .............................................................................................. 88
Figure 4. 4 Cytotoxicity results of human dermal fibroblast cells encapsulated in peptide
nanogels, 4mg/ml IVFK and 3mg/ml IVZK, and 4mg/ml Matrigel, at different time points.
Matrigel was used as a positive control (A, D, G), IVFK (B, E, H), and IVZK (C, F, I) at
days 7, 14 and 21, respectively. Scale bars 50μm........................................................ 89
Figure 4. 5 Overlaid Z-stack confocal fluorescence images of human dermal fibroblast cells
encapsulated in peptide nanogels (4mg/ml IVFK and 3mg/ml IVZK) and control Matrigel
(4mg/ml) at different time points. Nucleus is shown in blue, F-actin is shown in red and
vinculin in green. Matrigel (A, D, G), IVFK (B, E, H), and IVZK (C, F, I) nanogels at days
7, 14, and 21, respectively. Scale bar is 20μm. ............................................................ 89
Figure 4. 6 (A) Schematic allocation for treatment of full thickness wound in minipigs by
peptide hydrogels alone (S1: IVFK and S2: IVZK) and peptide hydrogels with silver
nanoparticles3 (S3: IVFK-AgNPs and S4: IVZK-AgNPs). (B) Full thickness wounds
creation in minipigs. (C) Applying of different peptides scaffolds and different standards
of care hydrogels. (D) Waterproof adhesive films, Tegaderm (3M Singapore), were used
to secure the dressings and were further protected by a covering (F). ........................ 91
Figure 4. 7 Representative pictures of wound contraction after application of different
peptide nanogels in comparison to standard care (A). Quantitative evaluation of wound
area contraction in response to different treatments (B). The percentage of re epithelization
(C) and granulation tissue formation reduction over the time (D) is shown, using digital
planimetry. The error bars denote the standard error of the mean (n = 10). ................ 92
Figure 5. 1 Graphical representation of MTT assay of mouse myoblast cells incubated with
different peptide concentrations for 24 hours. IVFK (A), IVZK (B). Alginate-Gelatin (C);
(1:1), and Matrigel (D) were used as positive controls, and a standard curve for a known
cells number (E). .......................................................................................................... 97

22
Figure 5. 2 Representation of cytotoxicity on mouse myoblast cells after 24 hours
incubation with different peptide concentrations. IVFK (A), and IVZK (B). TCP; tissue
culture plate. Error bars, mean ± S.D........................................................................... 97
Figure 5. 3 3D viability assay of mouse myoblast cells encapsulated in peptide hydrogels,
4mg/ml IVFK and 3mg/ml IVZK, Matrigel 4mg/ml and 30mg/ml alginate-gelatin (1:1).
TCP; tissue culture plate. ............................................................................................. 98
Figure 5. 4 Live/dead staining of mouse myoblast cells encapsulated in peptide hydrogels,
4mg/ml IVFK and 3mg/ml IVZK, 30mg/ml alginate-gelatin (1:1) and 4mg/ml Matrigel,
for different time points. Alginate-gelatin (B, F, J) and Matrigel (C, G, K) were used as
positive controls, IVFK (D, H, L) and IVZK (E, I, M) at days 2, 4 and 8, respectively. TCP;
tissue culture plate. Scale bars 100μm. ........................................................................ 99
Figure 5. 5 Overlaid confocal fluorescent images of mouse myoblast cells encapsulated in
peptide (4mg/ml IVFK and 3mg/ml IVZK), Matrigel (4mg/ml), and alginate-gelatin (1:1)
hydrogels. The encapsulated cells were cultured for different time points and finally
analyzed using fluorescent confocal microscopy (nucleus shown in blue, F-actin shown in
red and vinculin in green). (A) Mouse myoblast cells cultured on tissue culture plate (TCP).
Alginate-gelatin (B, C, D), Matrigel (E, F, G), IVFK (H, I, J), and IVZK (K, L, M) at days
2, 4, and 8, respectively. Scale bar is 20 µm.............................................................. 100
Figure 5. 6 Overlaid confocal fluorescent images of differentiated mouse myoblast cells
encapsulated in peptide (4mg/ml IVFK and 3mg/ml IVZK) and 4mg/ml Matrigel. TCP;
tissue culture plate was used as a negative control. The encapsulated cells were cultured
for eight days in differentiation medium. Nucleus shown in blue and myosin heavy chain
shown in green (A). Percentage of fusion index after eight days (B) and nuclear aspect ratio
of differentiated muscle cells (B). Scale bar is 50 µm. .............................................. 102
Figure 6. 1 Bioprinting of peptide hydrogels using the Inkredible bioprinter (A, B).
Bioprinted peptide hydrogel in different structures: (C) circle, (D) square, and grid shape
(E). ............................................................................................................................. 106
Figure 6. 2: Overlaid confocal fluorescent images of 3D bioprinted mouse myoblast cells
in peptide hydrogels; IVFK and IVZK and cultured for different time points (Live cells
shown in green and dead cells in red). IVFK (A, B, C) and IVZK (D, E, H) at Days 1, 3and
5, respectively. Scale bars 100μm .............................................................................. 107

23

I.

INTRODUCTION

Chapter 1. History of tissue engineering

1.1 The potential of tissue engineering
There are many pathologies that plague human beings worldwide. Among them
are the diseases that destroy tissue and lead to organ failure, such as cancer and diabetes 1.
These illnesses affect the quality of life and may eventually cause death. Historically, the
conventional treatment of loss of organs (tissues) was organ transplantation, in which the
damaged organ was replaced by a healthy, functional organ. However, this treatment is
insufficient for all patients due to a shortage of healthy donor tissue that makes for a large
number of patients on the waiting list. In 1993, Langer and Vacanti coined the term “tissue
engineering” by combining the principles of cell culture, molecular biology and chemical
engineering in vitro to address the aforementioned tissue shortage issue 2. This technology
is a promising approach that allows for the reproduction of natural structures that mimic
the native tissue.
In the past, in vitro tissue models have been developed without the need for healthy
donor tissue using the cell monomer (2D cell culture) 3. However, these models do not
accurately copy or mimic the natural tissue as the cells in our body grow in three
dimensional environments (3D). The extracellular matrices and cellular functions differ
significantly between 2D and 3D environments, thus affecting cellular cues as well as
adhesion, proliferation, and differentiation properties

4-6

. Therefore, researchers have

fabricated more advanced in vitro tissue models that more closely resemble the natural
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structures found in our body, thereby providing more reliable results than the 2D models
that were previously developed 6. These novel models were fabricated at nanometric scales
using known biomaterials, and were usually denoted as scaffolds, matrices or constructs
that can integrate into the host tissue. This process allows for the model to merge with
existing extracellular matrix (ECM) fibers to provide additional structural and functional
support with minimal rejection 7. Biomaterials used in tissue engineering can be either
natural biomaterial-based hydrogels (derived from organic compounds produced in nature)
or synthetic biomaterial-based hydrogels (sourced from artificial materials), and the design
of these materials aims to replicate those of the native architecture and functionality 7.

1.1.1 Natural biomaterial-based hydrogels
There are many natural biomaterials that were the first to be used in tissue
engineering. Among those most popular with researchers are: Collagen, gelatin, chitosan,
fibrin, alginate, and hyaluronic acid. While natural biomaterial-based hydrogels are similar
to the natural ECM, biocompatible and capable of supporting cellular adhesion, there are
several drawbacks to their use. These disadvantages include excessive contraction, poor
vascularization, scar formation, and most importantly, poor mechanical properties, rapid
degradation and batch to batch variation 8-10.

1.1.2 Synthetic polymer-based hydrogels
Due to the poor mechanical properties and rapid degradation rates associated with
natural biomaterials, scientists have turned their attention to synthetic polymer-based
hydrogels as they allow for the manipulation of these properties. However, these products
are more likely to produce an immune response in the form of inflammation

11

, and the

associated acid degradation by-products can negatively affect or harm the cellular
environment and can lead to delays in the tissue regeneration process. The synthetic
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biomaterials used most frequently are polyethylene glycol, polyvinyl alcohol,
polycaprolactone and polylactic acid.

1.1.3 Rationally designed peptide hydrogels (smart ultrashort selfassembling peptides)
In an effort to overcome the limitations associated with both natural and synthetized
biomaterials, the Hauser lab has rationally designed fabricated smart ultrashort selfassembling peptides with biomimetic properties that include biocompatibility, noncytotoxicity, and non-immunogenicity. These ultrashort peptide compounds with a unique
motif, synthesized from natural amino acids, are found in our bodies and by the process of
self-assembly are able to form nanofibrous structures that mimic those of native collagen.
These scaffolds have been used in skin tissue regeneration to achieve a significant rate of
wound closure and repair without the addition of any growth factors

12-15

. Many mainly

polymeric porous biomaterial scaffolds have been fabricated and used in numerous tissue
engineering applications

13-19

. But up to now, there is no particular tissue-engineered

scaffold that is superior to the autografts of normal skin and muscle tissue.
Our group is strongly interested in tissue engineering and regenerative medical
applications. Primarily, we are focusing on biomedical applications using novel synthetic
peptide-based biomaterials

20-21

that aim to combine the advantages of both natural and

synthetic hydrogels for the purpose of skin and muscle tissue engineering.

1.2 Skin tissue engineering
Millions of people around the world suffer from skin injuries, which create
significant problems in their lives. As such, replacements for diseased and damaged skin
tissues are in high demand

2, 22-23

. The outer covering of the body is skin, which is the
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largest organ and serves as the protective barrier against microorganisms, toxins, radiation,
and mechanical impact. Skin can also control several physiological functions within the
body including temperature regulation, dehydration prevention and internal fluids loss via
the opening and closing of pores and perspiration. Also, skin can synthesize vitamin D
through UV absorption, as it converts 7-dehydrocholesterol, a compound within the skin,
to vitamin D3, or cholecalciferol, which is essential for the proper growth of bones and
teeth. Skin also has sensory reception and transduction functions through the nerve endings.
Furthermore, it acts as a barrier and plays an essential role in protecting the body against
pathogens. However, skin can be lost due to infection, trauma, or disease

24

. Effective

wound healing is essential to enable the maintenance of homeostasis and prevent the
penetration of infectious agents

25-26

. The skin's natural healing capacity is usually

sufficient to repair itself following damage so long as the affected area measures less than
4cm in diameter and the person is not subject to underlying genetic abnormalities or
diseases that affect wound healing

24

. However, in severe skin injuries or full thickness

wounds that affect the dermis and possibly hypodermis, the epithelial cells are unable to
migrate and tissue contraction cannot cover the wound. To protect the injured layers of
skin and allow for the restoration of the damaged portion, suturing of the edges of the
damaged surface together should be performed or skin surgical replacement may be
required.
In order to successfully accomplish this repair and restoration, skin structure and
function must be understood.

1.2.1 Skin structure and function
Skin is the outermost organ and has a complex structure comprised of multiple
layers and cell types, to perform many functions. It consists of three primary layers: the
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outer epidermis layer, the middle dermis layer, and the hypodermis or subcutaneous fat
layer 27-28 as shown in Figure 1.1.

1.2.1.1 Epidermis
The outer layer of the skin mainly consists of keratinocytes and has no blood vessels
28

. It protects the underlying layers of skin against the external environment and prevents

dehydration by regulating the loss of internal fluids. The human epidermis thickness varies
from 50μm on the eyelids to 1.5mm on the palms and soles 29. In epidermal tissue, there is
a continuous replacement of keratinocytes at the surface from the base layer of mitotic cells
30

. The rate of substitution is typically between 45 to 75 days, though this can vary due to

the location on the body, epidermal thickness, degree of skin abrasion, time of day,
hormonal changes, age, and many other factors. In particular, certain pathological
conditions may alter the rate of replacement as, for example, in psoriasis where the rate is
as little as eight days, so the keratinocytes do not sufficiently differentiate before reaching
the surface 31.

1.2.1.2 Basement membrane
The epidermis and dermis layers are separated by a highly specialized ECM
structure known as a basement membrane

32

, which provides the epidermis with

mechanical stability 31 and allows for the diffusion of nutrients and oxygen necessary for
wound healing.

1.2.1.3 Dermis
The dermis is the middle layer of skin that lies below the epidermis and is firmly
connected to the basement membrane. It constitutes the majority of the skin and is mainly
composed

of

fibroblasts

and

extracellular

matrices

(ECM)

such

as

glycosaminoglycan, elastin, and collagen 33. It is a highly vascularized layer, comprised of

28
sweat glands, sebaceous glands, and hair follicles as well blood vessels. Overall, the dermis
is highly flexible and reliant, but when stretched beyond its limits, collagenous and elastic
fibers can tear and result in stretch marks from the repaired scar tissue

34

. To maintain

homeostasis, the epidermis and dermis layers connect with each other through paracrine
signaling 35.

1.2.1.4 Hypodermis
The hypodermis is a layer below the dermis layer. It mainly consists of fatty
connective tissue that regulates the thermal and mechanical properties of the skin.
Moreover, this layer attaches the skin tissue to the underlying muscles and bones, and
posseses larger blood vessels and nerves, which extend into the dermis 28.
Injuries to the skin can typically affect the epidermis, dermis, and, much less
frequently, the hypodermis.

Figure 1. 1 Human skin anatomy (https://creativemarket.com/BestPics/2706178-Detailed-human-skinstructure)

29

1.2.2 Types of skin defects
Skin damage or illnesses occur as the result of infections, severe trauma, surgical
interventions, burns, chronic wounds, and genetic disorders. Such injuries affect the skin
integrity/function and initiate imbalances in physiological processes that may eventually
result in significant disability or even death

36-38

. Most skin damage can heal naturally.

However, if the injuries exceed 4 cm in diameter, surgery may be required in order to
reduce the healing time 24. Skin injuries are classified into various categories based on the
depth of the damage:


Epidermal injuries affect only the outer layer of skin and do not require any specific
surgical treatment. Such wounds heal rapidly without scar formation.



Superficial partial-thickness wounds affect the epidermis and a portion of the
dermis. The basal keratinocytes located in the epidermal layer migrate and cover
the injured area accordingly 39-40.



Deep partial-thickness injuries affect both the outer and middle layers of the skin
and subsequently extend the healing time with pronounced scarring relative to
superficial partial-thickness wounds.



Full-thickness skin wounds result in full damage to the epidermis, dermis and
hypodermis layers 40. Consequently, skin substitutes are needed in order to repair
and regenerate the deeply damaged tissues 24.

1.2.3 Wound healing cascade
In the event of an injury that affects the protective skin barrier, the body triggers a
response known as the wound healing process. It is a complex process, which involves four
overlapping phases: clot formation, inflammation, proliferation, and tissue remodeling 4142

, as shown in Figure 1.2.
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Figure 1. 2 Representation of wound healing cascade (http://www.skincol.com/en/info/mechanic-of-action.html)

1.2.4 Skin repair technology
1.2.4.1 Skin grafts: autografts, allografts, and xenografts
Wound treatment aims to accelerate and achieve complete wound closure with
reduced scar formation 43. In the past, the “gold standard” and only suitable option for the
treatment of skin damage was a method known as a skin graft 44. It is also known as a split
skin graft or autograft, which utilizes a piece of healthy skin tissue containing the whole
outer epidermal layer and a minor portion of the middle dermal layer

45

. The autograft

remains the most frequently used grafting material as the body recognizes itself and does
not elicit an adverse immunological reaction. However, the utilization of a skin graft is
limited in cases of full-thickness skin wounds that are associated with a complete loss of
the epidermis and dermis, leading to insufficient autografts to cover the whole area.
Furthermore, in the case of full-thickness skin wounds, there may be a lack of healthy
donor sites or limits in their availability

46

. In addition, autografts can also cause pain,

bleeding, infection, nerve damage, scar formation, and in some cases, a repeat graft may

31
still be required. Alternatively, allografts or xenografts have been used for wound coverage,
but these grafts are only suitable as a temporary wound covering as they are associated
with disease transmission and immune rejection 47.

1.2.4.2 Current wound dressings
Wound dressings exist to protect wounds from the environment 48. Their functions
include: acting as barriers to prevent the entry of harmful bacteria into the injury, speeding
up wound closure, and absorbing wound exudates

49-50

. Recently, high-quality wound

dressings have been designed which increase healing rates by keeping wound tissues moist
and minimizing scar formation, reducing pain 51, decreasing the incidence of infection 52,
and lowering overall health care costs

53-54

. Dressing materials are classified into seven

categories: films, foams, hydrogels, hydrocolloids, alginates, hydrofibres, and medicated
dressings. The challenge of delayed wound healing has been the topic of extensive research.
Striving to improve the healing process in chronic wounds, a broad spectrum of treatment
modalities have been demonstrated in the literature 55. One successful method involves the
application of tissue engineering principles to facilitate the reestablishment of tissue
integrity 56.
Many skin substitutes have been developed over the last 30 years because of the
limitations in the use of autografting. The first tissue-engineered skin was developed in
1975 and consists of a cultured epithelial autograft (CEA), with no dermal component 57.
Among the limitations of CEAs is the lack of a dermal component, as this prolongs wound
contraction and leads to scaring formation 58. The restoration of the dermal layer is essential
59-60

since the dermis provides the skin with mechanical integrity

60

and facilitates

adherence of the epidermis to the body surface 61. Accordingly, de-epidermis, dermis, and
collagen-based scaffolds were investigated as scaffolds for dermal replacement 62-63. Since
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then, collagen scaffolds have been used extensively as analogs of the dermis ECM, both in
acellular form and seeded with fibroblasts 9, 62, 64-66. However, some limitations accompany
this scaffold, including excessive contraction 9, 67, poor vascularization, blistering, and scar
formation

8, 10

. The most significant issues associated with collagen scaffolds are poor

mechanical properties and rapid degradation rates that affect the stability of the graft as
well as the problem of handling and transferring the scaffolds 8. Collagen scaffolds are also
related to disease transmission 68 and ethical issues due to their animal source. As a result,
other scaffold materials have been explored from non-animal derived materials, such as
fibrin 24, 69, which can be derived from the patient‘s blood. Fibrin scaffolds, however, are
not the ideal scaffold materials for skin tissue engineering as they degrade rapidly.
Synthetic polymers such as polylactic acid, polyglycolic acid, and polylactic-coglycolic acid are other materials that have been investigated as scaffolds for dermal
replacement

70

. Moreover, the polyglactin scaffold, which is the material used in

Dermagraft, has been shown to degrade in vivo within 15 days 71. Although this scaffold
degrades more slowly than collagen-based materials, it may still degrade too fast, and may
be the reason behind why scar formation and wound contraction still occur with the
Dermagaft treatment 16.
Given the limitations of current synthetic polymers for dermal replacement,
biomimetic scaffolds are the subject of intense interest for use in the engineering of skin
grafts. These grafts match the skin tissue architecture based on the aforementioned
biomimetic approaches, and they possess some unique advantages over other options, such
as the physical fibrous structure which is the major requirement for tissue regeneration 72-

33
73

and that mimics the native ECM components. Different scaffolds have been evaluated

as dermal substitutes 74 and will be discussed in chapter 3.
The fabrication of 3D microenvironments using nanofibrous scaffolds for skin
tissue engineering in a layer-by-layer pattern has experienced significant success

75-76

.

Moreover, scaffolds have been fabricated for skin tissue restoration that address the
crosstalk and dynamic reciprocity between cells and the ECM

77

. Successful healing of

full-thickness wounds in the presence of both keratinocytes and fibroblasts has been
achieved 78. Moreover, the presence of fibroblasts in the production of a skin substitute has
enhanced the formation of a basement membrane 79, which increases the adhesion of the
new epidermis to the underlying tissue, and points to the benefits of inclusion of both
keratinocytes and fibroblasts in the fabrication of skin tissue. The development of a skin
substitute that can perform all the functions of natural skin would be beneficial in the
clinical setting for the treatment of large and chronic wounds. There are some epidermal
replacements commercially available and under development, but for the treatment of fullthickness wounds affecting both the epidermis and the dermis, a bi-layer replacement is
required for optimal wound healing.
In order to successfully achieve epidermal and dermal replacement, the scaffold
should maintain the viability of encapsulated fibroblasts for extended periods and degrade
in a controlled manner so that cells remain immobilized at the site of implantation where
they can secrete ECM to replace the degrading scaffold material and achieve dermal
regeneration. Also, the scaffold should degrade at the rate of new tissue formation and
should promote tissue in-growth, vascularization, innervation, and re-epithelialization.
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Furthermore, the scaffold should be from a non-animal source to avoid disease
transmission and should elicit no adverse immune response.

1.2.5 In vitro pre-vascularization of tissue engineering construct
Another consideration of the in vitro fabrication of these 3D models is the common
problem of cell viability loss in long-term cultures

80

that results from a lack of

neovascularization from the peripheral vessels of the wound edge

81

. This leads to poor

nutrition and oxygen deficiency inside the tissues 82. Several studies have confirmed that
insufficient vascularization leads to cellular necrosis or the complete loosening of
implanted skin replacements

67, 83

. The successful survival of any engineered tissue upon

implantation depends on the efficient diffusion of nutrients and oxygen

84

. Thus,

vascularization of engineered tissue is necessary for the fabrication of three-dimensional
tissue constructs. The in vivo viability of the construct is maintained by providing nutrients
and oxygen and removing waste from living tissues

85-86

. Vascularization is a complex

process that is based on two fundamental processes, starting with vasculogenesis and
terminating in angiogenesis. During vasculogenesis, new blood vessels or tube-like
structures are formed from the clusters of undifferentiated endothelial cells, after which the
angiogenic process initiates the localization of vessel formation by sprouting endothelial
cells from pre-existing blood vessels 87. This is accomplished through the differentiation
of endothelial progenitor cells into mature endothelial cells. During this process, specific
proteases are secreted to degrade the extracellular matrix, allowing for the proliferation and
polarization of endothelial cells, which ultimately expand toward the vascular tree 88.
Consequently, several strategies have been employed to establish the
vascularization of the engineered construct. As the growth rate of newly formed
microvessels is relatively slow, the angiogenic approach is not suitable for promoting
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vascularization in massive constructs 89-91. For that reason, the in vitro pre-vascularization
strategy of tissue constructs before implantation has been established to overcome cellular
mortality and enhance the in vivo survival of engineered tissues constructs 82. This strategy
promotes the anastomosis of prevascularized vessels with host vasculature and thus
supplies the damaged site with oxygen and nutrients 92. In this approach, the construction
of capillaries and vessel networks are based on endothelial or endothelial progenitor cells
rather than pre-existing blood vessels 93. This may result in a more efficient graft and reduce
the time needed for ingrowths of angiogenic vascular networks. Also, the longer formation
time of in vivo vascularization for un-vascularized constructs, results in cellular necrosis
before the formation of the functional vascular network and results in premature failure of
the construct 94. It has been demonstrated that the implantation of un-vascularized construct
takes longer to become vascularized than the implantation of the vascularized construct, as
the host vascular system is the only source for the delivery of oxygen and nutrients to the
encapsulated cells 95. Also, different studies have revealed that pre-vascularized scaffolds
facilitate the integration of scaffold vasculature with the host vasculature 96. Therefore, the
prevascularization of tissue engineered constructs before implantation is considered to be
vital today and in the future 97. It has been shown that the implantation of prevascularized
constructs in mice promotes anastomosis with mice blood vessels better than unvascularized constructs

98

. In addition, the vascularization of skin tissue engineering

constructs has been achieved by encapsulating vessel-forming cells within the scaffold 99102

. Numerous studies have verified the synergetic effect of vascular endothelial growth

factor (VEGF) with fibroblasts and pericytes on the formation of blood vessels in several
models 103-107.

36
Co-culture or multicultural systems are recent approaches that aim to improve the
prevascularization of skin tissue engineering by combining vessel-forming cells like
endothelial cells with supportive cells such as fibroblasts or smooth muscle cells.
Consequently, blood vessels are formed as the endothelial cells proliferate, migrate, and
differentiate. In addition fibroblasts secrete soluble angiogenic growth factors such as
VEGF, platelet drive growth factor (PDGF), and transforming growth factor beta (TGF-β)
108-109

, which stimulate and promote the sprouting of endothelial cells, the formation of

lumen, and the maintenance of the long term stability of new vessels 110. Intercellular lumen
formation has been verified within 4-5 days by the co-culturing of fibroblasts with
endothelial cells 110. The differentiation of vascular endothelial cells and the formation of
vessel-like structures cannot be achieved without appropriate cues

111-112

. Therefore, the

presence of supportive cells such as fibroblasts offer both the extracellular matrix and the
angiogenic growth factors necessary for tube-like structure formation 112. Improvement of
vascularization and enhancement of wound healing has been reported through the
transplantation of endothelial cells and smooth muscle cells

113

. The reconstruction of

capillary-like structures within tissue-engineered constructs could solve the main problem
of vascularization deficiency that impedes the development of most tissue-engineered
organs. Moreover, a co-culture system composed of fibroblasts and vascular endothelial
cells using type I collagen gel has demonstrated support of endothelial cell differentiation
and migration

103

. Also, combining human dermal microvascular endothelial cells,

fibroblasts, and keratinocytes has been shown to enhance vascularization, promote reepithelialization, and hasten the final remodeling phase of the wound healing process 114.
Implantation of pre-vascularized 3D gel with keratinocytes has been shown to accelerate
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mice wound healing within 14 days

115

. Moreover, a 3D co-culture of fibroblasts and

keratinocytes in a plasma gel scaffold has contributed to wound repair. Furthermore, prevascularization of this scaffold using endothelial progenitor cells has been shown to
accelerate skin wound recovery 115.

1.3 Skeletal musle tissue engineering
Skeletal muscle is a soft tissue that constitutes approximately half of the human
adult body mass

116

. Muscles mass is profoundly affected by many factors such as

nutritional level, hormonal status, physical activity, and illness or injury, which influence
the balance of protein synthesis and degradation

117

. Skeletal muscle is a voluntary

moveable tissue that has the ability to convert chemical energy into mechanical energy and
then transfer it to tendon tissue. It also supports soft tissue and maintains body posture 118.
In addition, this tissue carries out various functions of the body such as respiration,
protection of abdominal viscera, and controls the movement of limbs 119. Skeletal muscle
tissue has the native capacity to regenerate/repair through the activation of local satellite
cells 119-120. However, this ability declines with age as well as in clinical conditions such as
tumor resection, traumatic sport injuries including concussions, and strains, and muscular
dystrophy that may result in volumetric muscle loss (VML). In these injuries,
approximately 20% or more of the muscle mass is lost 121-122 and, as a result, tissues lose
the ability to signal each other and become unable to repair themselves via natural
physiological processes. Thus, surgical intervention is needed

123-126

to restore normal

function and prevent scar tissue formation 124, as the formation of massive scar tissue leads
to muscle atrophy and prevents muscle regeneration

127

. These clinical conditions affect

millions of people worldwide and cause significant economic and social problems 128-129.
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As such, alternative technologies are urgently needed for the reconstruction of skeletal muscle
tissues that have experienced volumetric muscle loss and need to regenerate new functional
tissue 121, 130.

1.3.1 Skeletal muscle structure and function
The macroscopic structure of skeletal muscle shows highly organized muscle fibers
connected to the connective tissue

117

. This structure consists of three distinct layers of

fibrous connective tissue: the outer epimysium layer, the middle perimysium layer, and the
bottom endomysium layer. These layers mainly consist of proteoglycans and collagen
types I and III 118 (Figure 1.3).

1.3.1.1 Fascicles
Skeletal muscle tissue is covered with a fibrous sheath called epimysium that
protects muscle tissue against bones and other muscles. An individual muscle tissue is
mainly composed of a bundle of fibers called fascicles, each of which is wrapped with the
perimysium and supported by blood vessels and nerves 118.

1.3.1.2 Myofibers
Within each fascicle is a group of fibers known as myofiber or muscle fiber, which
is a single multinucleated muscle with a diameter ranging from approximately 20–100µm
117

. This fiber is organized in equivalent bundles 131 and enveloped by another fibrous layer

of connective tissue known as the endomysium.

1.3.1.3 Myofibrils
At the ultrastructural level, a single myofiber consists of a group of thousands of
single muscle cells named myofibrils. Each myofibril contains a sarcomere, the unit of
contraction, which is comprised of two myofilament proteins known as thin actin filaments
and thick myosin filaments. These proteins comprise the smallest chain of contractile units
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responsible for controlling muscle stretching and represent approximately 70–80 % of the
total proteins in body muscle with lengths of approximately 2.3 µm

117, 132

.

Skeletal muscle tissue has two different phenotypes based on the isoform of the
myosin heavy chain. Type I fibers are the power fibers that utilize oxidative metabolic
pathways. They are responsible for endurance and are responsible for the expression of
slow myosin heavy chain (MyHC). Type II fibers, on the other hand, are utilizing glycolytic
metabolic pathways, are accountable for strength- whether mild or intensive, and are
denoted by fast MyHCs expression 133-134.

Figure 1. 3 Overview of human skeletal muscle tissue structure

(https://www.barewalls.com/art-print-

poster/muscle_bwc23437837.html)

1.3.2 Skeletal muscle native/self-regenerative pathway
Skeletal muscle is a highly vascularized and physiologically active tissue with the
native ability to regenerate/repair injured tissue with a high turnover rate, thus stimulating
multipotent cells to renew the damaged muscle after injury

119, 135

. Skeletal muscle
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restoration is a contact-dependent process that stimulates the differentiation of
myoblast/muscle cells into myotubes through the fusing of undifferentiated muscles cells
to form extended, multinucleated differentiated myotubes with nuclei located in the center.
After the formation of myofibers from myotubes, the nuclei move near the plasma
membrane

136

. It has been demonstrated that the viscoelastic behavior of skeletal muscle

cells changes during differentiation as after eight days of differentiation, the elastic
modulus is higher than it was before differentiation (11.5-1.3 kPa and 45.3-4.0 kPa,
respectively) 137.

1.3.3 Skeletal muscle defects and healing cascade
The skeletal muscle restorative process is composed of three phases: inflammatory,
repairing, and remodeling 122, 125, 131, 138. Satellite cells play a major role in the beginning of
this process as they are the primary cells involved in muscle regeneration. This process is
regulated and controlled by satellite intrinsic factors as well as stem cell
niche/microenvironment extrinsic factors

139

, in addition to perivascular stem cells and

neurogenin 2-positive 140-143. The reaction of skeletal muscles to injury is highly dependent
on the native immune response, predominantly the recruitment, accumulation, activation,
and temporal polarization of macrophages 144.
In the event of a traumatic injury that affects the skeletal muscle tissue, the contents
of myofiber are exposed to a large amount of extracellular calcium as the sarcolemma
ruptures. Then, myofibers contract and hematoma fills the gap between the fibers.
Following this, the inflammatory phase starts by employing calcium-dependent proteases
to corrupt the damaged myofibrils, then the necrotic substances phagocyte by the aid of
neutrophils and macrophages

131, 145-146

. Once the damaged area is cleaned up by

phagocytosis, muscle satellite cells are recruited to the site of injury and the repairing phase
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is initiated by permeation of nerves, blood vessels, and muscle cells into the wound. Then,
collagen deposition that is formed from fibroblast cells seal the gap between muscle fibers.
At last, the remodeling phase starts by stimulating the satellite cells to differentiate into
myoblasts cells. Finally, after a couple of days, multinucleated myotubes are formed by the
fusing or merging of myoblasts and eventually they replace the necrotic tissue 118, 147.

1.3.4 Skeletal muscles repair technology
Different strategies have been developed to enhance and improve the restoration
and differentiation of skeletal muscle. These are the same strategies which are employed
for skin tissue engineering and include cells therapy and autografts, allografts, and
xenografts, in addition to natural biomaterials and synthetic polymers. These strategies
have the same limitations for muscle repair as they do for skin engineering; therefore, an
alternative approach was used for this project.

1.3.5 Recent approaches to skeletal muscle regeneration
Tissue engineering is an alternative approach for volumetric muscle loss treatment
and organ fabrication 148, where the use of biological scaffolds are explored. The process
of muscle tissue engineering is the same as that of skin tissue engineering: the cells are
grown in a 3D environment, similar to how they would grow in vivo using biomaterial
scaffolds.

1.3.6 Biomaterials for skeletal muscle regeneration
Tissue engineering technology is based on scaffolds that are either made from
natural materials such as alginate 149, collagen 150, and fibrin 151, or synthetic polymers such
as polyglycolic acid

150

and poly-e-caprolactone

152

, as well as from decellularized ECM

materials 153. Different studies have explored the addition of cell sources such as satellite
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cells or myoblasts 154-156 into the scaffolds which significantly increased the persistence of
embedded cells at the site of injury 157-158. Scaffolds from self-assembling peptides are of
particular interest for 3D culture and bioprinting due to their synthetic, but natural
background. Self-assembling peptides have been used as biomaterials in regenerative
medicine applications and as matrices for the delivery of encapsulated bioactive molecules
for therapeutic applications

21, 159-162

. Ultrashort amphiphilic peptides also showed

accelerated skin regeneration when used as burn wound dressings 12. Many hydrogels have
been used and evaluated for their cellular activity, mechanical properties, and myogenic
potential. However, there is still a need to find the most appropriate material that is efficient
in maintaining mechanical stability and promoting myotube formation 163.

1.4 Aim of study
The aim of this study is to use novel synthesized tetrameric amphiphilic ultrashort
peptides capable to self-assemble in aqueous conditions into nanofibrous structures. We
have tested the biocompatibility of these peptide scaffolds for the purpose of skin and
skeletal muscle tissue engineering and validated their efficacy for long-term cell viability
in a 3D environment. Furthermore, we tested the nanofibrous peptide scaffolds for wound
healing in a full-thickness excision wound animal model.
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II.

MATERIALS

Two tetrameric self-assembling peptides IVFK (Ac-Ile-Val- Phe-Lys-NH2) and IVZK
(Ac-Ile-Val-Cha-Lys-NH2) were custom synthesized in our Laboratory for Nanomedicine.
The

following

chemicals

were

purchased

from

Sigma-Aldrich:

9-

Fluorenylmethoxycarbonyl (Fmoc) protected amino acids, MBHA Rink Amide resin, and
2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate (TBTU),
Hydroxy

benzotriazole

(HOBt)

were

purchased

from

GL

Biochem.

N,N-

diisopropylethylamine (DIPEA), piperidine, acetic anhydride, trifluoroacetic acid (TFA),
Triisopropylsilane, N,N-dimethylformamide (DMF), dichloromethane (DCM), diethyl
ether, ethanol and hexamethyldisilazane (HDMS). The chemicals were used as received,
without any further purification. The following materials were purchased from (Gibco,
USA): human dermal fibroblasts-neonatal (HDFn, C0045C), human epidermal
keratinocytes (HEKn, C-001-5C), epilife keratinocyte medium and its growth supplements
(HKGS, S-001-5), dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS),
dulbecco’s phosphate-buffered saline (PBS) solution, and penicillin-streptomycin
antibiotics (P/S). Human umbilical veins cells (HUVEC, CC-2517A) and its growth
supplemented medium (EGM-2)

were purchased from Lonza. A CellTiter- Glo®

luminescent 3D cell viability assay kits, an MTT cell proliferation assay kit, a cytotoxicity
assay kit (CytoTox96), and a LIVE/DEAD Viability/Cytotoxicity kit were purchased from
Promega, USA. Immunostaining antibody anti-vinculin and Rhodamine-Phalloidin
antibody were purchased from Invitrogen, USA. An anti-mouse IgG-FITC was purchased
from Sigma, USA. CD31, anti-vimentin, and myosin heavy chain antibodies were procured
form Abcam. Cell culture flasks and 96-well plates were ordered from Corning, USA.
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Chapter 2. Ultrashort Nanofibrous scaffold for tissue engineering
aplications

2.1 Background
In recent years, the fabrication of biomimetic scaffolds has attracted considerable
attention 164 . Among these scaffolds are nanofibers, which mimic the natural ECM of the
skin with respect to both its architecture and mechanical properties. It has been reported
that the nano-topographical features of the scaffold affect cellular behavior. Therefore,
tuning the suitable surface topography and chemical functionalities of nanostructured
scaffolds may address the limitations associated with natural and synthetic biomaterials 165166

. From this perspective, we have developed a novel class of rationally designed

tetrameric amphiphilic ultrashort peptides, which self-assemble into nanofibrous hydrogels
without the need for gelators, cross-linkers, and mechanical stimulators. The self-assembly
of these peptides occurs through the antiparallel pairing interaction of two peptide
monomers, forming helical intermediate structures. The condensation of these fibers leads
to hydrogel scaffold formation as shown in figure 2.1.
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Figure 2. 1 Molecular dynamics simulation shows the process of self-assembly of ultrashort amphiphilic
peptide monomers to dimer structures and further to ﬁbrils that further assemble to supramolecular networks
of condensed ﬁbers as seen in the electron micrograph by ﬁeld emission scanning electron microscopy (right
picture). Ultrashort peptides self-assemble into nanoﬁbers that form three dimensional nanogels 20, 162, 167.

2.2 Methods
2.2.1 Peptide synthesis
The Fmoc-based solid phase peptide synthesis (SPPS) method was used to
synthesize different peptide sequences, Ac-IVFK-NH2 (Ac-Ile-Val-Phe-Lys-NH2) and
Ac-IVZK-NH2

(Ac-Ile-Val-Cha-Lys-NH2),

on

rink

amide

resin

(1mmol).

Dichloromethane (DCM) solvent was used to pre-swell the resin in a reaction vessel with
continuous agitation for 30 minutes. Before the first coupling of amino acids, a mixture of
20% V/V piperidine/ DMF was used to deprotect the Fmoc group on resin, followed by a
washing course using DMF and DCM, repeated three times. The deprotecting process was
confirmed by the Kaiser test. After that, the coupling step was performed in the reaction
vessel through adding the mixture of TBTU (3eq.), HOBt (3eq.) DIPEA (6 eq.), and Fmocprotected amino acid (3eq.) on top of the deprotected resin and shaken for 90 minutes.
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Then, the excess reagents and reactants were removed by washing the reaction vessel three
times with DMF, followed by washing with DCM three times. At that point, the Kaiser test
was done to confirm the coupling process. All the above-mentioned procedures were
repeated until the entire peptide sequence was completed. Once the whole sequence was
completed, a mixture of 2:6:1 (v/v) acetic anhydride: DIPEA: DMF was added to cap the
amino acid N-terminal of the peptide sequence. After completion of the capping process, a
mixture of TFA, water and triisopropylsilane (95:2.5:2.5) was used to cleave the peptide
from resin by agitating for at least two hours. Then, TFA was added into the reaction vessel
and the peptide solution was collected in a round bottom flask. Next, further precipitation
of the peptide solution was performed by adding cold diethyl ether and incubated overnight
at 4°C. Then the precipitated solution was centrifuged and subsequently dried under
reduced pressure to produce crude peptide powder. Lastly, reverse phase-HPLC was used
to purify the peptide powder at the flow rate of 20 mL/min using C-18 column (2-98 %
ACN in 15 min).

2.2.2 Preparation of peptide hydrogel
IVZK and IVFK peptide powders were dissolved in Milli-Q water. Then, 10x
phosphate buffered saline was added to the peptide solution. Gelation of both peptides
occurred within a few minutes at a minimum concentration of 4 mg/mL and 3mg/mL for
IVFK and IVZK, respectively as shown in figure 2.2. The final volume ratio of peptide
solution and 10x PBS was 9:1.
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2.2.3 Characterization of the topography and morphology of peptide
hydrogels
2.2.3.1 Evaluation of fiber structures by Field-Emission Scanning
Electron microscopy
The peptide nanogels were dehydrated by gradually increasing concentrations of
30%, 50%, 70%, 90% and 100% (v/v) ethanol solutions for 15 minutes in each solution.
Further dehydration in 100% ethanol solution was continued by changing the absolute
ethanol solution with a fresh one twice for 15 minutes each. The dehydrated samples were
subsequently kept in 1:2 ratio of HMDS and ethanol for 20 minutes, followed by 20
minutes of incubation in a fresh solution of 2:1 ratio of HMDS and ethanol and then in
100% HMDS, performed twice for 20 minutes. Finally, the samples were kept inside a
fume hood overnight to allow the HMDS to evaporate. Prior to imaging, the samples were
mounted onto SEM stubs using conductive carbon tape, and then sputter-coated with a 5
nm thick coating of Iridium and a 3 nm thick coating of Gold/Palladium. The coated
samples were then imaged with a Field Emission Scanning Electron Microscopy system
(FEI Nova Nano630 SEM, Oregon, USA).

2.2.3.2 Evaluation of fiber structures by Transmission Electron
Microscopy (TEM)
The peptide powders were dissolved in distilled water. Then, 10x phosphate
buffered saline was added to the peptide solution for a final concentration of 9:1. Gelation
occurred within 5 minutes at the minimum concentration of 4 mg/mL and IVZK at 3
mg/mL. Afterthat, a small portion of the gel was taken and diluted in water. Then, 10µl of
this diluted gel was dropped onto a carbon-coated cupper grid and kept there for 5 minutes
before blotting with filter paper. The grid was then left to dry overnight at RT. TEM
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analysis was performed with the Tecnai G2 Spirit Twin instrument with an accelerating
voltage of 120 kV using an emission gun.

2.2.4 Evaluation of mechanichal properties of peptide hydrogels
The viscoelastic properties of peptide nanogels were characterized using the TA AresG2 rheometer with an 8 mm parallel-plate geometry. The peptide gels were prepared in a
8 mm diameter polymethylacrylate ring. The gels were afterwards incubated inside a
sealed tissue-culture dish at 40°C overnight before the rheological measurement were done.
For each peptide, six replicates of the gels with a volume of 150μL were prepared. The
measurements were conducted at a 1.5 mm gap distance with a temperature of 40°C to
mimic conditions used for cell growth. Three consecutive tests, such as time-sweep,
frequency-sweep, and amplitude-sweep, were carried out for each sample to confirm the
mechanical stiffness of the gels. Time-sweep analysis was performed for 5 minutes at an
angular frequency of 1 Hz and at 0.1 % strain to observe storage and loss modulus at an
early stage, before the next measurements were taken. A frequency sweep analysis was
subsequently carried out by reducing the angular frequency from 100 to 0.1 Hz while
keeping the strain at 0.1 %. Lastly, amplitude sweep analysis was performed to observe the
minimum value of the amplitude strain needed to break the gel structure. This test was
performed with an angular frequency and strain of 1 Hz and 0.01% - 100%, respectively.
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2.3 RESULTS
2.3.1 Vial inversion assays (hydrogel formation)

Figure 2. 2 The self-assembling peptides IVFK (4mg/ml) and IVZK (3mg/ml) generate macromolecular
nanofibrous hydrogels in an aqueous solution.

2.3.2 Surface topograpy and morphology of peptide hydogels
2.3.2.1 The nanofibrous morphology of self-assembling peptides
The nanofibrous morphology of self-assembling peptides was imaged using SEM
and compared to those observed in bovine collagen (Figure 2.3 A, B, C), which is
comprised of a unique triple-helical structure

168

. SEM results confirmed that both IVFK

(Figure 2.3 D, E, F) and IVZK (Figure 2.3 G, H, I) peptide hydrogels form a nanofibrous
network. The detailed assessment of IVFK (Figure 2.3 D, E, F) and IVZK (Figure 2.3 G,
H, I) showed that the fibrous structures of these peptides resemble the fibrous structure of
collagen in terms of architecture. This nanofibrous structure was produced from the
antiparallel pairing of two peptide monomers, see Fig. 2.1 Subsequently, fibers formed
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because of assembly of the peptide pairs by stacking. Condensation of these fibers resulted
in hydrogel formation.

Figure 2. 3 Ultrashort peptides self-assemble into three-dimensional nanofibrous networks. Field emission
scanning electron microscopy images of 2.5 mg/mL bovine collage type I (A, B, C), 4 mg/mL IVFK (D, E,
F) and 3 mg/mL IVZK (G, H, I).

2.3.2.2 Single fiber structure observation by transmission electron
microscopy (TEM)

Figure 2. 4 Ultrashort peptides self-assemble into three-dimensional nanofibrous networks. Transmission
electron microscopy images for single fiber structure of 4 mg/mL IVFK (A) and 3 mg/mL IVZK (B).
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2.3.3 Mechanical properties and rheology measurement
The mechanical stiffness and stability of both peptide nanogels was determined
using oscillatory rheology that is based on measuring the storage modulus (G’) and loss
modulus (G”). Samples were examined through time-sweep analysis in a linear viscoelastic
range (LVR) for five minutes by keeping the storage modulus constant under elastic
deformation. The G’ values of IVFK and IVZK were found to be approximately 22.1 kPa
and 15.8 kPa, respectively, while their G” values were less than their G’ values indicating
the gel state of both samples, as shown in figure 2.5 A

169

. Both samples also showed

frequency-independent behavior, without any crossover at lower frequencies, which is a
common viscoelastic property for hydrogels (Figure 2.5 B)

170

. An amplitude sweep test

demonstrated the length of the LVR under increasing strain values. It was found that the
LVR for both peptide gels was still constant under 0.2% strain. However, the later crossover point of IVFK where G’ = G” indicates that IVFK can tolerate higher strain before
breaking of the gels, in addition to its higher G’ value (Figure 2.5 C) 171.

Figure 2. 5 Rheology result of 4 mg/ml IVFK and 3mg/ml IVZK peptide nanogels at a temperature of 40°C.
(A). Equilibrium moduli at 5 minutes, (B) oscillatory frequency sweep test, and (C) oscillatory amplitude
sweep test.
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Chapter 3. Peptide nanogels as scaffold for fabricating dermal grafts
and 3D skin models

3.1 Background
Wound healing is impaired in patients that have complicated chronic wounds.
Detailed molecular, biological, and physiological assessments of the specific wound
healing effects provided by the standard of care wound dressing materials are mostly
missing. We have designed self-assembly ultrashort peptide hydrogels with promising
properties for wound healing applications. This work aims to characterize the effects of
these nanogels on skin cells as well as to fabricate a scaffold for 3D skin tissue models. In
vitro investigations found that these hydrogels support the formation of extensive threedimensional fibroblast networks within 48 hours. Microscopic observation of the direct
contact of keratinocytes and fibroblasts revealed that there were no apparent changes in
cellular morphology and enhanced keratinocytes proliferation. In addition, we have
demonstrated the ability of human umbilical vein endothelial cells to form tube like
structure within peptide nanogels using immunofluorescence staining. Moreover, we
successfully produced artificial 3D skin vascularized substitutes using these peptide
scaffolds. We believe that our results represent an improvement in the fabrication of dermal
grafts, as well as skin equivalent particularly in the context of wound healing.

3.2 Methods
3.2.1 Cell culture and growth conditions
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3.2.1.1 Human dermal fibroblasts, neonatal (HDFn)
Human dermal fibroblasts (HDFn) were cultured either in T175 or T75 culture
flasks

in

complete

DMEM

media

(10%

fetal

bovine

serum,

and

1%

penicillin/streptomycin). The cells were incubated in a humidified incubator with 95% air
and 5% CO2 at 37 °C. The cells were subcultured using trypsin at approximately 80%
confluence. The culture media was replenished every 48 h.

3.2.1.2 Human umbilical vein endothelial cells (HUVEC)
Human umbilical vein cells were cultured in a T75 culture flask in endothelial
growth medium EGM-2. The cells were incubated at 37 °C incubator, 95% air and 5% CO2
until reaching 80% confluency, then subcultured using trypsin/EDTA.

3.2.1.3 Human epidermal keratinocytes, neonatal (HEKn)
Human epidermal keratinocytes cells were cultured in a T75 culture flask in epilife
medium supplemented with its growth factors. Cells were kept in a 37 °C incubator, 95%
air and 5% CO2. The medium was changed every two days. The cells were subcultured
using trypsin/EDTA before reaching 80% confluence. Passage 4-7 keratinocytes were used.

3.2.2 Biocompatibility evaluation of tetrameric ultrashort self-assembling
peptides in 2D culture
A. Cell viability assay (MTT assay)
All biocompatibility studies were performed in a 96-well plate. HDFn (10,000
cells/well) were seeded in a complete medium. After two days, the medium was discarded,
and the cells were incubated for 48 hours with different concentrations of peptide solution,
at 37°C, 95% air and 5% CO2, Matrigel was used as a control. A colorimetric MTT assay
was used to determine cell viability according to the manufacturer’s protocol. Briefly, the
phenol-free fresh medium was mixed with 10% MTT reagent. Each well was incubated
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with 100µl MTT reagent including positive control wells for 4 hours. Insoluble crystals of
formazan were dissolved by adding 100μL of DMSO to each well. Finally, a plate reader
(PHERAstar FS, Germany) was used to record the absorption of individual wells at 540nm.

B. LDH release (cytotoxic assay)
HDFn (10,000 cells/well) and HEKn (20,000 cell/well) were seeded in 96-well
plates. Different concentrations of peptide solutions were applied on top of cultured cells
for 48 hours. The cytotoxicity of both peptides was tested using the cytotoxicity kit
according to the manufacturer’s protocol. Briefly, 50µl of incubated cell cultured
supernatants were transferred into a new 96-well plate followed by adding 50µl of
cytotoxic reagent. After 30 minutes dark incubation, the reaction was stopped with 50µl
stop solution. Finally, a plate reader (PHERAstar FS, Germany) was used to record lactate
dehydrogenase (LDH) released at 490nm.

C. Cell adhesion assay
Scanning electron microscopy and fluorescence microscopy were used to examine
cellular attachment and its morphology on IVFK and IVZK scaffolds. SEM samples were
prepared as mentioned in chapter 2 in section 2.2.3.1. Except before beginning the
dehydration step, the cells were fixed with glutaraldehyde (2.5%) in 0.1 M PBS and
incubated at 4C° overnight, then washed with 0.1M PBS for 15 minutes (pH 7.2-7.4) three
times. After that, 1% osmium tetroxide in 0.1 M PBS was used for postfixation in the dark
for about one hour. The sample was washed three times in abundant of dH2O for 15 minutes.
Then, the dehydration step was started.
The cell attachment and morphology on the scaffold were confirmed with
fluorescent staining. Briefly, HDFn was cultured in a T75 flask then stained with cell
tracker green in serum-free media (1:1000µl) for 30 minutes at 37°C, 95% air and 5% CO2.
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After that, the cells were washed with serum-free media. The freshly trypsinized cells were
seeded on top of the hydrogels for 48 hours. Cell adhesion was observed using a Zeiss LSM
710 Inverted Confocal Microscope, Germany.
For cellular morphology, HDFn was seeded on top of scaffolds for 48 hours at 37°C,
95% air and 5% CO2. Paraformaldehyde solution (4%) was used for cell fixation. After 20
minutes incubation at room temperature, the cells were washed twice with PBS and
permeabilized for 10 minutes using a cytoskeleton buffer (3 mM MgCl2, 300 mM sucrose
and 0.5% Triton X-100 in PBS solution). The permeabilized cells were blocked for 30
minutes at 37°C with PBS solution containing 5% bovine serum albumin solution, 0.1%
Tween-20, and 0.02% sodium azide. After 30 minutes, the cells were labeled with
rhodamine-phalloidin (1:300 PBS) at 37°C. Finally, the nucleus was counterstained for 5
minutes with DAPI (1:100 water)

12

. The cellular morphology was observed with

fluorescent confocal microscopy (Zeiss LSM 710 Inverted Confocal Microscope, Germany)

3.2.3 Establishing 3D culture
3D cell culture was performed as previously described 172-173. Briefly, a gel base at
the bottom of a cell culture plate was created by pipetting a peptide solution (peptide with
water) into the bottom of 96-well plate and mixing it with 2x PBS. After gel formation, the
peptide solution was pipetted on top of this gel base and mixed with human dermal
fibroblasts (25,000 cells/dish) suspended in 2x PBS. Gelation occurred within 3-5 minutes.
Then, the culture medium was subsequently added on top of each construct. The plate was
incubated at 37 °C, 95% air and 5% CO2. Different biocompatibility assays were applied
using this construct.
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3.2.3.1 Biocompatibility evaluation of tetrameric ultrashort selfassembling peptides within 3D culture scaffold
A. ATP production (3D cell proliferation assay)
HDFn (25,000 cells/plate) were embedded in different hydrogels according to the
3D culture protocol described above. CellTiter-Glo® luminescent kit was used to determine
the ATP production from viable cells according to the manufacturer’s protocol. Briefly,
after each time point, an equivalent amount of CellTiter-Glo® reagent was mixed
vigorously with 3D-cultured cells for 5 minutes, followed by 25 minutes shaking
incubation at 37C°. Finally, the luminescence was recorded using a plate reader
(PHERAstar FS, Germany).

B. Cytotoxicity assay (live/dead staining)
HDFn (25,000 cells/plate) were embedded in different hydrogels according to the
3D culture protocol described above. After 3, 7, 14 and 21 days, the 3D-cultured construct
was washed with PBS, followed by the addition of live/dead fluorescent staining to
visualize live and dead cells according to the manufacturer’s protocol. Briefly, 2µM calcine
for live cells (green), and 4µM ethidium homodimer-1 for dead cells (red) in PBS were
added on top of the hydrogel construct. After 30 minutes incubation in the dark, the staining
solution was discarded and washed three times with PBS 12. The live and dead cells were
observed using an inverted confocal microscope (Zeiss LSM 710, Germany).

C. Actin cytoskeleton staining
Human dermal fibroblast morphology changes in response to their interaction with
peptide hydrogels were studied in both 2D culture (TCP) and within hydrogels using
immunofluorescence analysis in a glass bottom confocal dish (12mm). HDFn (25,000
cells/plate) were embedded in different hydrogels. After each time point, 4%
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paraformaldehyde solution was used for cells fixation. After 20 minutes incubation at room
temperature, the cells were permeabilized and labeled with primary anti-vinculin (1:300
PBS) for 1 hour, followed by 1hour incubation with secondary anti-mouse IgG-FITC,
phalloidin and DAPI according to the protocol described above in section 3.2.2 (C). The
cellular morphology was observed with fluorescence confocal microscopy (Zeiss LSM 710
Inverted Confocal Microscope, Germany)

3.2.4 Histological examination
A histology study was performed in 24 well plate. HDFn were embedded in
different hydrogels according to the 3D culture protocol described above. For cryosections,
samples were fixed overnight in 4% paraformaldehyde at 4°C. The fixed samples were
washed three times with PBS and submerged in 30% sucrose overnight at 4°C to preserve
cell structure and then in 100% FBS for 24 hours. 3D constructs were scooped out and put
into a cryomold. Each cryomold was then filled with OCT and snap frozen in liquid
nitrogen. After solidification, routine cryosections (8μm) were performed on the frozen
sample using Cryostat. The morphology of cryosections was checked using phalloidin and
DAPI staining according to the protocol described above in section 3.2.3.1(C).
Basic structural visualization of cryosection samples was obtained using
hematoxylin and eosin staining. High background staining of the peptide-containing
hydrogels was obtained with routine H&E staining, so the destaining steps were prolonged
using acid alcohol and Scott's blue and the incubation time in eosin staining was reduced.
Briefly, the slides were rehydrated and stained with hematoxylin for 5 minutes, and then
dipped into acid-alcohol 15 times. Slides were then incubated in Scott's blue for another
5 minutes and immersed in distilled water before a 20 seconds eosin staining. The slides
were dehydrated after staining and covered with a Permount® mounting medium 174.
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In addition, Masson trichrome staining kit was used to observe the collagen
deposition within 3D encapsulated HDFn after culturing for six days.

3.2.5 Co-culture of skin cells
3.2.5.1 Interaction of fibroblast and keratinocytes
Fibroblast and keratinocyte cells were encapsulated separately in different peptide
hydrogels, IVFK (4mg/ml) and IVZK (3mg/ml), at a density of 2x104 cells/well and 4x104
cells/well, respectively. A co-culture was performed by seeding keratinocytes on top of a
fibroblast construct which was cultured for 2 days. The effect of

fibroblasts on

keratinocytes growing after five days was observed using an inverted confocal microscope
(Zeiss LSM 710, Germany).

3.2.5.2 Tracking the coculture of keratinocytes and fibroblasts within 3D
scaffold
Dual fluorescent stains were used to distinguish between keratinocytes and
fibroblasts in a 3D-co-culture, cell tracker red was used for labeling keratinocytes and cell
tracker green was used for labeling fibroblasts cells. Keratinocytes were seeded after two
days at a density of 4x104 cells/well on the upper surface of dermal fibroblasts (2x104
cells/well) embedded in different hydrogels on the lower surface. The proliferation of both
cell types was tracked at different time points using an inverted confocal microscope (Zeiss
LSM 710, Germany).
In addition, the co-cultured constructs were stained with different markers;
Vimentin against fibroblast and cytokeratin 14 against basal keratinocytes in order to
confirm that the both cells were mitotically active.
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3.2.5.3 Volume scope scanning electron microscopy
In order to visualize the interaction between epidermal keratinocytes and dermal fibroblast
at higher magnification, volume scope scanning electron microscopy was carried out of
after 18 days of co-cultured keratinocytes and fibroblast. This test was done by constructing
the dermis layer (fibroblast) for 14 days, then epidermal keratinocytes was applied on top
of dermis layer. The cryosections was done 4 days after seeding keratinocytes.

3.2.5.4 Quantitative expression of IL-1α, IL-6, TGF-β1 and b-FGF
The expression of IL-1α, IL-6, TGF-β1 and b-FGF was quantified by enzyme linked
immunosorbent assay (ELISA). The supernatant of 3D monoculture and co-culture human
dermal fibroblast and human epidermal keratinocytes were collected after 72 hours. The
respective cytokines were detect by ELISA kits according the manufacturers’ instructions.
Briefly, 100μl of each standard and sample was added into each well of a pre-coated plate.
The plate was incubated for 2.5 hours at room temperature with gentle shaking. After that,
the samples were discarded and the wells were washed four times. Then, 100μl biotinylated
detection antibody was added into each well and incubated one hour at room temperature
with gentle shaking. After four times washing of detection antibody, 100μl HRPstreptavidin solution was added into each well and incubated for 45 min at room
temperature with gentle shaking. Following the incubation and wash steps, 100μl TMB
ELISA reagent was added into each well for 30 min in dark at room temperature. The color
developed in proportion to the amount of target protein bound. After the addition of stop
solution, the color was changed from blue to yellow. Finally, a plate reader (PHERAstar
FS, Germany) was used to record the intensity of the color at 450 nm.
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3.2.6 Fabrication of 3D vascularized skin constructs
3.2.6.1 Tube formation assay
In order to confirm that the abovementioned nanogels support the formation of tube
like-structure, human umbilical vein endothelial cells (HUVEC) were encapsulated in
different peptide hydrogels, IVFK (4mg/ml) and IVZK (3mg/ml), at a density of 3x104
cells/well. The encapsulated cells were immunostained with CD31 and vWF markers to
visualize the tube formation. Tube-like structures were observed after 14 days using an
inverted confocal microscope (Zeiss LSM 710, Germany).

3.2.6.2 Preparation of pre-vascularized dermal construct (angiogenesis
assay)
In order to visualize the distribution and extent of blood vessel formation, human
dermal fibroblast (HDFn) and human umbilical vein endothelial cells (HUVEC) were
encapsulated in different peptide hydrogels, IVFK (4mg/ml) and IVZK (3mg/ml), at a
density of 3x104 cells/well in a ratio of 1:1. A co-culture was performed by mixing HUVEC
with fibroblast and encapsulating them within different hydrogels. The dermal construct
was incubated in co-culture medium (DMEM:EGM-2) in a ratio of 1:3 to procedure
vascularized dermal construct. The co-cultured cells were immunostained with different
antibodies; CD31against HUVEC cells and Vimentin against fibroblast. Tube-like
structures were observed at different time points using an inverted confocal microscope
(Zeiss LSM 710, Germany).

3.2.6.3 Preparation of 3D vascularized skin equivalent
Human dermal fibroblast cells (HDFn) were co-cultured with human umbilical vein
cells (HUVEC) using different nanogel scaffolds in a ratio of 1:1 at the density 3x104
cells/well and incubated in co-culture medium (1:3) for 10 days. Then, keratinocytes
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(1x105 cells/well) were added on top of vascularized dermal construct for four days more.
The construct were fixed and immunostained with different antibodies; CD31against
HUVEC cells and Vimentin against fibroblast and cytokeratin 14 (Ck14) against
keratinocytes. Skin equivelant constructs were observed at different time points using an
inverted confocal microscope (Zeiss LSM 710, Germany).

3.3 Statistical analysis
All results are presented as a mean ± SD. Three independent experiments were done
for each type of test. One-way analysis of variance was used to determine the statistical
differences between the experimental groups. Results were considered to be statistically
significant when the P-values were P < 0.05.
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3.4 RESULTS
3.4.1 Metabolic activity of viable cells in the presence of peptide hydrogels
The biocompatibility of the peptides was carried out by incubating HDFn with different
concentrations of peptide for 48 hours, using an MTT cell proliferation kit. Human dermal fibroblast
cells without peptide solutions were used as the negative controls (2D; TCP), with Matrigel serving
as a positive control (Figure 3.1 A). In order to estimate the number of viable cells, a standard curve
of the number of a known cell was plotted (Figure 3.1 B). MTT results showed that there was no
significant difference in cell viability with various peptide concentrations within 48 hours compared
to both positive and negative controls. However, a 10 % reduction in the cell viability was detected
with 4mg/ml (Figure 3.1 C).

Figure 3. 1 MTT assay representation of fibroblast cells incubated with different peptide concentrations for
48 hours. Matrigel used as positive control (A), IVFK(C), IVZK (D) and a standard curve for a known number
of cells (B). TCP; negative control tissue culture plate. Error bars, mean ± S.D.
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3.4.2 Releasing of lactate dehydrogenase from damage cells in response
to peptide hydrogels
In order to understand the reduction of cell viability detected with 4mg/ml IVFK and 3mg/ml
IVZK, a cytotoxicity test was performed by measuring the LDH released into the culture medium
using a commercially available cytotoxicity kit. The results of cytotoxicity assays confirmed that there
was no cytotoxicity caused by either peptide hydrogels (3.2 B, C, E, F) compared to the control,
Matrigel® (A, D).

Figure 3. 2 Cytotoxicity assay representation on fibroblast cells (A, B, C) and keratinocytes cell (D, E, F)
after 48 hour of incubation with different peptide concentrations. Matrigel used as positive control (A, D),
IVFK (B, E), and IVZK (C, F). TCP; negative control tissue culture plate. Error bars, mean ± S.D.

3.4.3 Cellular adhesion results
Because cell adhesion and spreading over the scaffold are an essential step for wound healing
and restoration of the tissues, it is very important to test the cellular attachment and the morphological
changes of cells growing on 3D scaffolds. SEM results showed that the cells were anchored on
the surface of IVFK (3.3 A, B, C, D), while in IVZK (3.3 E, F, G, H) the cells were located
on the outer surface of the scaffold and not wholly speared into nanofibers.
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Figure 3. 3 SEM images of fibroblasts grown on 3D scaffolds after 48-hour culture, IVFK (A, B, C, D) and
IVZK (E, F, G, H). White arrows indicate the fibroblast cells.

As the SEM results did not adequately depict the adhesion and morphology of the
cells cultured on the 3D scaffold, fluorescence microscopy was used to confirm cellular
interaction and spreading over the scaffold. Phalloidin test results revealed a standard morphology of
cells after 3 days of incubation with both nanofibrous scaffolds (Figure 3.4 E, G) compared to
Matrigel® (Figure 3.4 C) and TCP (Figure 3.4 A). Furthermore, cell tracker florescent staining
verified the attachment and spreading of HDFn on both scaffolds (Figure 3.4 F, H) compared to
Matrigel® (Figure 3.4 D) and TCP (Figure 3.4 B) indicating the superiority of these scaffolds.

Figure 3. 4 Proliferation and adhesion of HDFn over the scaffolds (4mg/ml IVFK and 3mg/ml IVZK) and
cultured for 72 hours. Actin cytoskeleton fluorescence; nucleus shown in blue, and F-actin is shown in red
(A, C, E, G) and cell tracker green fluorescence (B, D, F, H) and TCP; negative control tissue culture plate
(A, B), represent the morphology and the attachment of cells, respectively. Scale bars (50μm and 20μm,
respectively.
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3.4.5 Establishing 3D culture construct

Figure 3. 5 : HDFn in 3D culture with subsequent addition of the medium on top after peptide hydrogel
formation.

We have evaluated the mitochondrial activity for further confirmation of the potential of peptide
hydrogels in supporting the proliferation and spreading of HDFn cells within 3D culture hydrogels.
This test was accomplished by measuring the amount of ATP produced from viable cells. This
reflects the number of metabolically active cells using CellTiter-Glo® 3D cell viability assay kit. The
assay results showed that the proliferation of cells in 3D culture gradually increased with time (Figure
3.6). It is worth mentioning that the majority of cells were metabolically active at 21 days and the rate
of proliferation was comparable to the positive control, Matrigel® (Figure 3.6). A small increase in
cell number was also observed on days 14 and 21, this observation is reasonable and can be attributed
to a high cell density that may obstruct cellular growth 175
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3.4.6 Mitochondrial production of ATP in response to peptide hydrogels

Figure 3. 6 3D viability assays show a time-dependent increase in cell proliferation when cells were
encapsulated in peptide hydrogels (4mg/ml IVFK and 3mg/ml IVZK), Matrigel (4mg/ml) was used as control
with cultured cells for different time points. Error bars, mean ± S.D.

3.4.7 Assessment of live/dead cells within 3D construct (cytotocxicity
assay)
The cellular compatibility of peptides was qualitatively tested by live/dead staining.
This assay was performed on cell-embedded hydrogel for 3, 7, 14 and 21 days to visualize live cells
(green) versus dead cells (red). The intensity of green fluorescence shown in figure 3.7 revealed that
most of the cells remained viable in both hydrogels throughout 21-days indicating that the diffusion
of nutrients and removal of waste products were sufficient to maintain the cells’ viability.
However, there were very few dead cells within the matrix. It is worth mentioning that this test
verified that the reduction in cell viability with 4mg/ml (Figure 3.7 C) is not due to the
toxicity of the hydrogels and cell death, but, due to a change in the local cellular
microenvironment and diffusion barrier 176.
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Figure 3. 7 Live/dead staining of human dermal fibroblast cells encapsulated in peptide hydrogels (4mg/ml
IVFK and 3mg/ml IVZK) and cultured for different time points. Matrigel (4mg/ml) was used as a positive
control (B, E, H, K), IVFK (C, F, I, L), and IVZK (D, G, J, M) at days 3, 7, 14 and 21, respectively. TCP;
negative control tissue culture plate (A). Scale bars 100μm.

3.4.8 Cellular distribution and alignment within the scaffold interactions
Since cellular shapes and viability are determined by the microenvironment, it is
critical to study the morphology of F-actin and the phenotype in cells when they are
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cultured in 3D. Actin is a major cytoskeletal protein present in eukaryotic cells. This
protein has several functions beyond cell shape and cell motility. It also directs the
regulation of some transcription factors

177

. Moreover, actin morphology is a direct

indication of the compatibility of hydrogels, as well as the attachment and spreading of
cells within the scaffold. The morphology and growth conditions of the cells embedded in
the hydrogels were investigated using the Phalloidin method. Also, vinculin was found, a
focal adhesion marker that assists the anchoring of F-actin to the membrane and determines
cell-cell and cell-matrix interactions. Immunofluorescent staining of F-actin revealed a
comparable stretched and extended F-actin on day 3 (Figure 3.8 B, C, D) and day 7 (Figure
3.8 E, F, G) in all tested conditions. It is worth mentioning that after 21 days of culturing,
prominent well organized, stretched, and dense actin fibers were observed in IVFK and
Matrigel® (Figure 3.8 K, L) while the fibers in IVZK were dense but not as well pronounced
(Figure 3.8 M). In addition to this, the cell number in IVFK and Matrigel® was relatively
higher when compared to IVZK as shown in Figure 3.6. This could be attributed to the fact
that IVFK provides native cues and offers more surface area for the cells to divide and
grow. Also, this hydrogel may be sufficiently porous to accommodate more cells and help
in spreading and viability. From these observations, we can conclude that 3D culture of
HDFn cells in both scaffolds maintained and exhibited similar cell morphology compared
to 2D and Matrigel®, demonstrating a suitable 3D microenvironment for skin tissue
regeneration.

69

Figure 3. 8 Overlaid confocal fluorescent images of fibroblast cells encapsulated in peptide hydrogels
(4mg/ml IVFK and 3mg/ml IVZK) and cultured for different time points (Nucleus shown in blue, F-actin
shown in red and Vinculin in green). Matrigel (4mg/ml) was used as positive control (B, E, H, K), IVFK (C,
F, I, L), and IVZK (D, G, J, M) at days 3, 7, 14 and 21, respectively. TCP; negative control tissue culture
plate (A). Scale bars 20μm.

3.4.9 Histological examination
A histology study was done to examine the cellular distribution and network
formation through the entire depth of the 3D cultured HDFn construct using cryosection.
Immunohistochemistry results illustrated that the fibroblasts tended to spread and attach
to each other in the 3D environments (Figure 3.9 A, B). This observation was further
confirmed by H&E staining, which is commonly used in histology to provide basic
structural visualization of tissues. Hematoxylin stains negatively charged DNA of nuclei
orange/dark pink, and the eosin stains positively charged compounds such as proteins pink
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. Cryosection analysis of H&E staining indicated random (Figure 3.9 D) and uniform

(Figure 3.9 C) distribution of HDFn across the entire depth of the construct. The density
of collagen deposition was investigated with Masson’s trichrome staining (collagen
stained blue, and cytoplasm pink). It is worth mentioning that 3D-cultured HDFn cells
start replacing the hydrogel with its cellular matrix as shown in figure 3.9 E, F, which might
be the result of the biodegradability of these hydrogels which could be efficiently
biodegradable in vivo, through enzymatic hydrolysis. Overall, it was confirmed that both
peptide hydrogels support cell viability, distribution, and network formation, which may
be an indication that both scaffolds are fit for use as skin substitutes.

3.4.10 Co-culture tests results
3.4.10.1 Interaction of Fibroblast and Keratinocytes
After confirming the biocompatibility of these scaffolds on 3D cultured HDFn cells,
the major constituents of the middle dermal layer of the skin, artificial skin was constructed
by co-culturing human epidermal keratinocytes (HEKn) with HDFn. Bright field images
revealed that in the early stage of the culture (after day 7), the proliferation of epidermal
keratinocytes contacting dermal fibroblasts was significantly faster (Figure 3.10 G, H, I)
than those not in contact with fibroblasts (Figure 3.10 D, E, F).

3.4.10.2 Trackeing the co-culture of keratinocytes and fibroblasts within
3D scaffold
To track and clearly distinguish the proliferation of co-cultured HDFn with HEKn
at different time points, different tracker fluorescent stainings were applied to the 3D cocultured system. Dual fluorescent staining results confirmed the cellular viability and
expansion in a 3D co-cultured environment (Figure 3.11). Homogenous distribution of
fibroblasts (green) and keratinocytes (red) in the peptide hydrogels was detected through
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confocal microscopy (Figure 3.12). On day 7, comparable overgrowing of fibroblasts was
observed in all tested groups, while on day 14, keratinocytes highly proliferated and
covered most of the fibroblasts and tended to form skin-like structures on top of the
fibroblasts.
In addition, biomarker CK14 (keratinocytes surface marker, which expressed in
both keratinized and non-keratinized epithelial tissue as well as conserve its structural
integrity) was significantly expressed in no vascularized constructs, indicating that the
basal keratinocytes in epidermis layer were mitotically active. Moreover skin-like
structures formed on top of fibroblast in all tested condition as shown in figure 3.12.

Figure 3. 9 Microscopic images of human dermal fibroblast encapsulated in different peptides hydrogels.
Actin/ DAPI staining for cryosection 3D-cultured HDFn in IVFK (A) and IVZK (B), H/E staining IVFK (C)
and IVZK (D)black arrows show the nucleus distribution, Collagen I expression shown with Masson
trichrome in IVFK (E) and IVZK (F) with arrows show the collagen deposition, after six days cultured.
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Figure 3. 10 Bright field images represent the enhancement of keratinocyte proliferation in co-culture with
fibroblasts. The keratinocytes in contact with fibroblasts proliferated significantly faster (G, H, I) than those
not in contact with fibroblasts (D, E, F) after 7 days of culturing with/without fibroblasts. Scale bars 50μm.
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Figure 3. 11 The viability of co-cultured cells on different scaffolds (4mg/ml IVFK and 3mg/ml IVZK),
Matrigel used as a positive control (4mg/ml). Fibroblast stained with tracker green fluorescence and
keratinocytes with tracker red fluorescence. Overgrowing of fibroblast on day 7 in Matrigel (A) and IVZK
(C) compared to IVFK. On Day 14, skin-like structures formed on top of fibroblast on IVZK (F) compared
to IVFK (E) and Matrigel (D). Scale bars 100μm.
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Figure 3. 12 The mitotic activity of fibroblast (green), keratinocytes (red) and nucleus (blue) in 3D cocultured constructs. The cells were cultured on different scaffolds (4mg/ml IVFK and 3mg/ml IVZK),
Matrigel used as a positive control (4mg/ml). Scale bars 100μm.

3.4.10.3 Artificial skin formation
Volume scanning electron microscopy result confirmed the artificial skin formation with
epidermal layer on top that denoted with white arrows (Figure 3. 13). Also, spongy dermis
layer was observed with fibroblast distributed across the entire sections and represented
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with black arrows (Figure 3. 13). In addition, this results demonstrated the collagen
deposition from human dermal fibroblast cells which indicated with red arrows (Figure 3.
13). These observations consistent with our finding in cryosections of middle dermis
construct (Figure 3.9).

Figure 3. 13: Volume scope scanning electron microscopy images of artificial skin equivalent formation after
18 days. Cryosections confirmed the epidermal layer formation shown in white arrows and fibroblast
distributed in dermis layer, shown in black arrows. Red arrows denoted the collagen secreted from human
dermal fibroblast cells within the middle dermis layer.

3.4.10.4 ELISA results for IL-1α, IL-6, TGF-β1 and b-FGF
Quantitative expression of cytokines and growth factors reveled significant higher level of
IL-1α, IL-6, TGF-β1 and b-FGF in 3D couculture system compared to monoculture (Figure
15 A, B, C, D). However, little reduction of IL-1α and b-FGF was observed in 2D culture
system (TCP) as shown in fighre 15 A, C. In addition, IL-6, TGF-β1 and b-FGF were
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significanlty expressed in 3D monocultue fibroblast and couculture, while IL-1α was
significanlty expressed in 3D monocultue keratinocytes and couculture.

Figure 3. 14: Quantitative expression of different cytokines; IL-1α (A) and IL-6 (B), and growth factors; bFGF (C) and TGF-β 1 (D) in both mono-cultured and co-cultured of human dermal fibroblast and human
epidermal keratinocytes with both scaffolds (4mg/ml IVFK and 3mg/ml IVZK) after a period of 3 days.
Matrigel (4mg/ml) was used as a positive control and TCP (tissue culture plate) was used as a negative control.

3.4.11 Pre-vascularization of dermal construct (tube-like structure
formation) and fabrication of skin substitute
Confocal microscopic observation of 3D culture human umbilical vein cells in both
peptide scaffolds revealed that both hydrogels support endothelial tube formation
compared to positive control Matrigel (Figure 3.13). It is worth mentioning that the tubes
formed in IVFK gels started sprouting to form vessels-like structures without any
supportive vascular growth factors, while IVZK gel was still in vasculogenic stage. This
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result confirmed that both peptides support the vascularization, however IVZK may take
longer time to reach angiogenic stage.
Human dermal fibroblast cells (HDFn) were co-cultured with human umbilical vein
cells (HUVEC) using different nanogel scaffolds in a ratio of 1:1. In order to visualize the
distribution and extent of blood vessel formation, the co-cultured cells were
immunostained with different antibodies; CD31against HUVEC cells and Vimentin
against fibroblast. Confocal fluorescent images revealed the complex interconnected
capillary like-structures on day 13 in IVFK (Figure 3.14 c) and Matrigel (Figure 3.14 a),
while in IVZK (Figure 3.14 e) was stagnant in the organization of clusters. Indeed, the
assembly of a capillary-like network was promoted and sustained by HDFn at least until
day 21 (Figure 3.14 b, d, f). Also, the length of the formed vessels increased throughout
this period (Figure 3.14 B). It is worth mentioning that the length of the tube in IVFK was
slightly larger than in Matrigel.
The fabrication of novel 3D skin substitutes by seeding keratinocytes on top of
vascularized dermal construct revealed epidermal layer-like structure formation with both
peptides hydrogels (Figure 3.14). It is worth mentioning that basal keratinocytes were
mitotically active within all tested materials. Vascularization in IVZK nanogels was not as
good as in Matrigel and IVFK nanogels. These results demonstrated that both peptides
provided a favorable environment for the investigated cell types.
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Figure 3. 15 Confocal microscopic images for tube formation in 3D cultured HUVEC cells within 4mg/ml
IVFK, 3mg/ml IVZK, and Matrigel 4mg/ml after 14 days. HUVEC cells stained with CD31 (red), vWF
(green), and DAPI for nucleus (blue). Scale bars 100μm.
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Figure 3. 16 The vascularization of co-cultured cells on different scaffolds A: (IVFK; c, d) and (IVZK; e, f),
and (Matrigel a, b), at different time points, respectively. Nucleus stained with blue, fibroblast stained with
green fluorescence vimentin, and HUVEC with red fluorescence CD31. B: the length of the formed vessels.
Scale bars 100μm.
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Figure 3. 17 Fabrication of 3D co-culture vascularized skin constructs using (4mg/ml IVFK and 3mg/ml
IVZK), Matrigel was used as a positive control (4mg/ml). This figure is shown Z-stack images across the
entire depth of vascularized skin constructs. Vimentin, CD31, and CK14 antibodies were used to stain
fibroblast, endothelial cells, and keratinocytes, respectively. Scale bars 100μm.
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Chapter 4. Evaluation of peptide nanogels for accelerated wound
healing in normal minipigs

4.1 Background
A non-healing chronic wound represents a severe complication that can often
eventually lead to amputation. As such, there is a clear clinical need for dressings that
promote the healing of chronic wounds. An advanced wound dressing aims to keep wound
tissues moist while offering increased healing rates, preventing scar formation, reducing
pain, minimizing infection, improving cosmetics, and lowering overall health care costs.
We have developed tetrameric peptides Ac-IVFK-NH2 (Ac-Ile-Val-Phe-Lys-NH2) and AcIVZK-NH2 (Ac-Ile-Val-Cha-Lys-NH2) that self-assemble into nanofibrous hydrogels with
biomimetic properties resembling those of collagen. In our study, we tested the
aforementioned nanogels to determine whether or not they can fulfill the wound healing
criteria mentioned above. We found that the nanogels are suitable scaffolds for
encapsulating human dermal fibroblasts. We selected peptide nanogels Ac-IVZK-NH2 and
Ac-IVFK-NH2 and generated in situ silver nanoparticles within the nanogels to assess their
efficacy on minipigs with full-thickness excision wounds. The in situ generation of the
silver nanoparticles was done solely through UV irradiation, and no reducing agent was
used. Application of the peptide nanogels on full thickness minipig wounds
demonstrated that the scaffolds are biocompatible and that they did not trigger wound
inflammation. This suggests that the scaffolds are safe for topical application. A
comparison of the effect of both nanogels even without the addition of the silver
nanoparticles, revealed that the scaffolds themselves have a high potential to act as an
antibacterial agent, which may suppress both the inflammatory reaction and activity of
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proteases. Interestingly, the effect of the peptide nanogels on wound closure was
comparable to those of standard care hydrogels. Despite our promising results, there is still
much to learn about the molecular basis underlying the efficacy of tetrameric peptide
nanogels in wound healing, on order to support the urgent demand for advanced treatments
of diabetic wounds, based on scientifically and clinically validated studies.

4.2 Methods
4.2.1 Evaluation of fiber structures by field-emission scanning electron
microscopy (FE-SEM)
The same method was performed as previously mentioned in chapter 2 section 2.2.3.1.

4.2.2 Evaluation of silver nanoparticles (AgNPs) formation by
transmission electron microscopy (TEM)
Silver nanoparticle studies were carried out as previously described 176. Briefly, the
peptides powders were dissolved in distilled water. Then, 100mM of silver nitrate (AgNO3)
in Tris buffer (100mM, pH=8.5) was added into the peptide solution for a final
concentration of 10mM. Gelation occurred within 5 minutes at the minimum concentration
of IVFK 4 mg/mL and IVZK at 3 mg/mL. The gels were then exposed to 254nm UV light
for 5 minutes, allowing for the in situ formation of AgNPs. A small portion of the gel was
taken and diluted in water. Then, 10µl of this diluted gel was dropped onto a carbon-coated
copper grid and kept there for 5 minutes before blotting with filter paper. The grid was then
left to dry overnight at RT. TEM analysis was performed with the Tecnai G2 Spirit Twin
instrument with an accelerating voltage of 120 kV using an emission gun.

4.2.3 Rheology studies
The same method was performed as previously mentioned in chapter 2 section 2.2.4.
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4.2.4 Cell Culture and growth condition
4.2.4.1 Human dermal fibroblast, neonatal (HDFn)
The same method was performed as previously mentioned in chapter 3 section 3.2.1.1

4.2.4.2 Establishing 3D culture
The same method was performed as previously mentioned in chapter 3 section 3.2.3.

4.3 Biocompatibility evaluations of peptide nanogels
All the biocompatibility studies, including cell viability assay (MTT assay), ATP
production (3D cell prolife ration assay), and live/dead assay, as well as morphological
changes in response to peptide nanogels, were performed as previously described in chapter
3, section 3.2.3.1.

4.4 In vivo wound healing evaluation by peptide nanogels in minipigs
The study was designed as a case-control study. All experimental protocols and
animal care complied with the “Guide for the care and use of Laboratory Animals” (PWG,
15 Tech Park Cres, Singapore 638117; Prof Lim Thiam Chye, Department of Surgery,
Yong Loo Lin Medical School, National University of Singapore).

4.4.1 Animals and maintenance
A total of 10 healthy minipigs (Sus Scrofa), (5 male and 5 female PWG minipigs)
of comparable age (adult, over 16 months), with a weight of approximately 25-30 kg at the
start of the experiment, were selected for the wound healing study. Before initiating the
experiment, the animals were acclimatized for 3-7 days. During this period, all animals
were observed daily for any clinical signs of disease. A unique number associated with the
ear-tag number identified each animal. Then, all pens were labeled with a cage card
indicating the study number, and animal ID. The cages were equipped with food bowls and
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water bottles. The room temperature was 22–30 °C with 50-80% humidity and
approximately 12 hours of 150-300 lux of the light/dark cycle. Each animal was fasted
overnight (at least 12 hours) before the experimental procedures and deprived of food
during wound creation and dressing. After wound creation, each animal was individually
housed, using steel cages with a size of approximately 80 cm X 140 cm X 75 cm and
defined by a marked cage card.

4.4.2 Wounding and chamber treatment
For all surgical procedures, Ketamine 10 mg/kg, Atropine at 0.05-0.10 mg/kg and
Xylazine 2-5 mg/kg were intramuscular administered at the time of anesthetic induction.
General anesthesia was maintained with 2-5% isoflurane in oxygen. The anesthetized pigs
were placed in stern recumbency and their hair was removed, as required. Care was taken
to avoid mechanical irritation and trauma. The surgical site was prepared by cleaning and
sterilizing with iodine followed by 70% ethanol. A sterile surgical drape was used to drape
the surgical site.

4.4.3 Full-thickness wound creation
In total 16 wounds (2 cm in diameter) were introduced on the back of each pig via
surgical incision down to muscular layer. The incisions in a 4x4 pattern were
approximately 4 cm apart from each other on either side of the dorsal side of the animal.

4.4.4 Hydrogels as wound dressings for minipigs full thickness wound
Two different ultrashort peptide nanogels IVFK and IVZK and their variations
containing silver nanoparticles, IVFK-AgNPs and IVZK-AgNPs, were chosen in this study.
Standard of care hydrogel-based dressings known as Duoderm Hydroactive Gel® (clear
viscus hydrogel) and Aquacel® Hydrofiber AG (forms a gel on contact with wound fluid
and has broad-spectrum antimicrobial properties of silver ion), were chosen as controls.
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These standards of care commonly applied on partial and full-thickness wounds to provide
a moist environment and aids autolytic debridement. All dressings were topically applied
accordig to the scheme shown in figure 4.6 and were slightly extended over the wound by
approximately 1 cm. This guaranteed full coverage of the entire wound in a randomized
pattern. Then, waterproof adhesive films, Tegaderm (3M Singapore), were used to secure
the dressings and were further protected by a covering. Animals were housed individually
to avoid potential disturbances to the wounds caused by other pen mates. Wound dressings
changes were done twice a week.

4.4.5 Wound healing assessment
Wound contraction and wound closure were evaluated using digital planimetry.
The tattooed margins were checked, on days 4, 8, 11, 15, 18, 22, and 25 after initiation of
the study. A photograph of the wound was taken at a fixed distance above the wound every
time wound change was conducted with a ruler by the wound to help scale the data for
analysis using image J software. The general linear model for the determination of time
versus wound closure (re-epithelialization) and granulation tissue formation regarding each
treatment was evaluated. The percentage of wound closure was determined by the formula:
area at biopsy

Wound closure (%) = the area on incision day x100 and the percentage of wound area was
calculated

by

applying

the

(wound area at day 0−wound area at day x)
wound area at day 0

following

equation:

Wound area (%) =

x100

4.4.6 Terminal procedure (animal euthanasia)
The animals were anesthetized with isoflurane. They were sacrificed by
exsanguination of the vena cava and aorta.
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4.5 Statistical analysis
Three independent experiments were done for each type of test. A one-way analysis
of the variance was used to determine the statistical differences between the experimental
groups. Regarding the wound closure and re-epithelialization data, the wound area over
observation time was considered. All results are presented as a mean ± SD. Results were
considered to be statistically significant when the p-values were P < 0.05.

87

4.6 RESULTS
4.6.1 Porous nanofibrous structure and in situ fabrication of silver
nanoparticles
Scanning electron microscopy results confirmed the formation of a dense
nanofibrous network (Figure 4.1 A, B). The diameter of these nano-scale fibers range
within the diametric scope found in the natural ECM (5–300 nm)
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. This distinctive

fibrous structure allows the gel to entrap >99% water within its bulk volume. It preserves
a moist environment and leaves the tissue hydrated which in turn reduces pain during the
frequent dressing changes 12. In addition, the porous nanofibrous structure supports the in
situ fabrication of silver nanoparticles (AgNPs) from a silver nitrate solution without using
any chemical reducing agent (Figure 1 C, D). TEM confirmed the monodispersion of
AgNPs with a size range of 10-20 nm, which has been confirmed as a sufficient size to
elicit antibacterial activity 179

Figure 4. 1 Transmission electron microscopy images of silver nanoparticles formation in 4 mg/ml IVFK (A)
and 3mg/ml IVZK (B) in water using 10 mM AgNO3 in Tris buffer at pH 8.
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4.6.2 Biocompatibility studies
All the biocompatibility studies were redone to make sure that both hydrogels were
biocompatible and non-cytotoxic before applying them on full thickness minipigs. Results
that were obtained corresponded to the results mentioned in chapter 3.

4.6.2.1 MTT assay results

Figure 4. 2 Graphical representation of an MTT assay using human dermal fibroblast cells in the presence of
different peptide concentrations within a period of 24 hours. IVFK (A) and IVZK (B).

4.6.2.2 ATP production assay results

Figure 4. 3 3D viability assay of human dermal fibroblast cells encapsulated in peptide nanogels, 4mg/ml
IVFK and 3mg/ml and 4 mg/ml Matrigel at different time points, such as at 3,7,14 and 21 days.
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4.6.2.3 Cytotoxicity assay results

Figure 4. 4 Cytotoxicity results of human dermal fibroblast cells encapsulated in peptide nanogels, 4mg/ml
IVFK and 3mg/ml IVZK, and 4mg/ml Matrigel, at different time points. Matrigel was used as a positive
control (A, D, G), IVFK (B, E, H), and IVZK (C, F, I) at days 7, 14 and 21, respectively. Scale bars 50μm.

4.6.2.4 Cellular morphology results

Figure 4. 5 Overlaid Z-stack confocal fluorescence images of human dermal fibroblast cells encapsulated in
peptide nanogels (4mg/ml IVFK and 3mg/ml IVZK) and control Matrigel (4mg/ml) at different time points.
Nucleus is shown in blue, F-actin is shown in red and vinculin in green. Matrigel (A, D, G), IVFK (B, E, H),
and IVZK (C, F, I) nanogels at days 7, 14, and 21, respectively. Scale bar is 20μm.
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4.6.2.5 In vivo wound healing evaluation by peptide nanogels in minipigs
Statistical analysis revealed that after four days of treatment the percentage of the wound
area was slightly reduced by IVFK hydrogels (79.2%) and IVZK hydrogels (79%),
compared with duoderm (83%), aquacel (81%), IVFK- AgNPs (91.7%) and IVZK- AgNPs
(81.4%). However, the reduction was not significant (Figure 4.7 A, B). Granulation tissue,
known to occur with the proliferation of fibroblasts and the formation of new
microvasculature was observed in some pigs in their open wounds at day 8, with a
percentage of 26.7%, 28.8%, 24.5%, 23.4% 33.8% and 27.8 % for duoderm, aquacel,
IVFK, IVZK, IVFK-AgNPs and IVZK-AgNPs, respectively (Figure 4.7 D). The
formation of granulation tissue was denser in the IVFK-AgNO3 treated group compared
to the controls and other treated hydrogel groups. However, the difference did not reach
statistical significance. After 11 days of treatment, enhanced re-epithelialization and
formation of granulation tissue at the wound edge, when compared to the center of the
wound, was observed in all studied minipigs, as shown in figures 4.7 C and D. Nearly
complete re-epithelialization was achieved at day 22 with a gradual reduction in
granulation tissue formation. The presence of granulation tissue suggests that both
hydrogels support the proliferation of endothelial cells, and thus, enhance angiogenesis.
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Figure 4. 6 (A) Schematic allocation for treatment of full thickness wound in minipigs by peptide hydrogels
alone (S1: IVFK and S2: IVZK) and peptide hydrogels with silver nanoparticles3 (S3: IVFK-AgNPs and S4:
IVZK-AgNPs). (B) Full thickness wounds creation in minipigs. (C) Applying of different peptides scaffolds
and different standards of care hydrogels. (D) Waterproof adhesive films, Tegaderm (3M Singapore), were
used to secure the dressings and were further protected by a covering (F).
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Figure 4. 7 Representative pictures of wound contraction after application of different peptide nanogels in
comparison to standard care (A). Quantitative evaluation of wound area contraction in response to different
treatments (B). The percentage of re epithelization (C) and granulation tissue formation reduction over the
time (D) is shown, using digital planimetry. The error bars denote the standard error of the mean (n = 10).
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Chapter 5. Novel ultrashort self-assembling peptide bioinks for 3D
culture of muscle myoblast cells

5.1 Background
The ability of skeletal muscle to self-repair after a traumatic injury, tumor ablation,
or muscular disease is slow and limited, and this capacity for self-regeneration declines
steeply with age. Tissue engineering of functional skeletal muscle using 3D bioprinting
technology is promising for the creation of tissue constructs that repair and promote the
regeneration of damaged tissue. Hydrogel scaffolds used as biomaterials for skeletal
muscle tissue engineering can provide chemical, physical and mechanical cues to the cells
in three dimensions, thus promoting regeneration. Herein, we have used the two
aforementioned synthetically designed novel tetramer peptide biomaterials as scaffols for
this application. These peptides self-assemble into a nanofibrous 3D network, entrapping
99.9% water and mimicking the native collagen of an extracellular matrix. Different
biocompatibility assays including the MTT, 3D cell viability, cytotoxicity and live-dead
assays all confirmed the biocompatibility of these peptide hydrogels for mouse myoblast
cells (C2C12). Immunofluorescent analysis of cell-laden hydrogels revealed that the
proliferation of C2C12 cells was well-aligned in the peptide hydrogels compared to the
Matrigel and alginate-gelatin controls. In addition, it is known that the nano-scale designed
materials increase positive conditions that initiate cell arrangement and lengthening for
myogenesis 180. In light of these outcomes and their capability to animate myogenesis, it
is reasonable to suggest that both hydrogels can be used in the development of techniques
for the improvement of promising platforms to enhance skeletal tissue recovery. As such,
these materials are suitable for skeletal muscle tissue engineering.
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5.2 Methods
5.2.1 Hydrogel preparation
The same method was performed as previously mentioned in chapter 2 section 2.2.2.

5.2.2 Scanning electron microscopy analysis
The same method was performed as previously mentioned in chapter 2 section 2.2.3.1.

5.2.3 Cell culture and growth condition
5.2.3.1 Mouse myoblast cells (C2C12)
Mouse myoblast cells (C2C12) were cultured either in a T175 or T75 culture flask
in complete DMEM media (10% fetal bovine serum, and 1% penicillin/ streptomycin). The
cells were incubated in a humidified incubator with 95% air and 5% CO2 at 37 °C. The
cells were subcultured by trypsin at approximately 80% confluence. The culture media was
replenished every 48 hours.

5.2.3.2 3D Culture of myoblast cells in peptide hydrogels
Mouse myoblast cells were encapsulated in peptide hydrogels in a 96-well plate.
Peptide solutions IVFK (4 mg/mL) and IVZK (3 mg/mL) were added to the plate at
40μL/well. Mouse myoblast cells (30,000 cells/well) that re-suspended in 2× PBS were
gently mixed with peptide solutions. Gelation occurred within 3–5 minutes, and
subsequently, the culture medium was added to the wells. On days 2, 4 and 8, the 3D cell
viability assay, live/dead assay and cytoskeletal staining were performed.

5.2.4 Biocompatibility studies
All the biocompatibility studies, including cell viability assay (MTT assay), ATP
production (3D cell prolife ration assay), and live/dead assay, as well as morphological
changes in response to peptide nanogels, were performed as described in chapter 3, section
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3.2.3.1, with the exception of the cells used as they were mouse myoblast (C2C12) rather
than the previously used skin cells (HDFn).

5.2.5 Differentiation of myoblast cells within 3D culture construct
Following six days of culture myoblast cells inside 3D environment in growth
medium, the culture conditions were then changed to differentiated mode to study
differentiation behavior. The differentiation medium was comprised of DMEM
supplemented with 2% horse serum and 1% penicillin/streptomycin for eight days.

5.3 Statistical Analysis
All results are presented as a mean ± SD. Three similar experiments were
performed independently for each type of test. One-way analysis of variance determined
statistical differences among the experimental groups. When the P-values were P < 0.05,
the results were considered to be statistically significant.
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5.4 RESULTS
5.4.1 Biocompatibility studies
5.4.1.1 Cell viability results (MTT assay)
Biocompatibility of both peptides was evaluated by testing cell proliferation after
24 hours of incubation with different peptide concentrations. Alginate-gelatin (Figure 5.1
C) and Matrigel (Figure 5.1 D) were used as positive controls. The number of viable cells
was quantified using the MTT assay. A standard curve for a known number of cells was
plotted to quantify the number of viable cells (Figure 5.1E). Test results indicated that there
was a significant difference in cell proliferation between the peptides and alginate-gelatin
as compared to cells grown on tissue culture plate (TCP) without the addition of these
biomaterials. This may be due to nutrient depletion of the cells caused by the higher
amounts of alginate-gelatin hydrogel. However, the difference between both peptides and
positive control Matrigel was non-significant. Peptide bioinks IVFK and IVZK forms
stable hydrogels at 4 mg/mL and 3 mg/ mL, respectively as compared to 30 mg/mL of
alginate-gelatin bioink. Cell proliferation was significantly decreased in the concentrations
of alginate-gelatin required to produce alginate-gelatin hydrogel (30 mg/ mL) when
compared to both peptides (Figure 5.1).

5.4.1.2 Peptide cytotoxicity
Cell mortality was assessed by measuring LDH release into the culture medium
after 24 hours incubation with different concentrations of both peptides. Our results
revealed that there was no significant cytotoxicity induced by the peptide hydrogels
(Figures 5.2 A and B).
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Figure 5. 1 Graphical representation of MTT assay of mouse myoblast cells incubated with different peptide
concentrations for 24 hours. IVFK (A), IVZK (B). Alginate-Gelatin (C); (1:1), and Matrigel (D) were used
as positive controls, and a standard curve for a known cells number (E).

Figure 5. 2 Representation of cytotoxicity on mouse myoblast cells after 24 hours incubation with different
peptide concentrations. IVFK (A), and IVZK (B). TCP; tissue culture plate. Error bars, mean ± S.D.

5.4.1.3 Cell proliferation and ATP production in 3D hydrogels
CellTiter-Glo® Luminescent 3D cell viability assay was performed to quantitatively
evaluate the potential of peptide hydrogels to support the spread of C2C12 cells in the 3D
cultured hydrogel. This test was conducted to check the biocompatibility of peptide
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hydrogels at IVFK (4 mg/mL) and IVZK (3 mg/mL). This test is based on the luminescent
detection of the amount of ATP production which correlates to the number of viable cells.
This 3D assay result showed a time dependent increase in cell proliferation within the
peptide hydrogels (Figure 5.3). After day 2, the cell numbers were comparable between the
IVFK, IVZK, and alginate-gelatin in 3D-culture. However, after day 4, the cell
proliferation is significantly higher in IVFK and IVZK than alginate-gelatin. It is worth
mentioning that on day 8, the cell proliferation was comparable between the peptide
hydrogels and the control alginate-gelatin. In addition to this, the cell numbers in IVFK
were higher when compared to IVZK, Matrigel and alginate-gelatin.

Figure 5. 3 3D viability assay of mouse myoblast cells encapsulated in peptide hydrogels, 4mg/ml IVFK and
3mg/ml IVZK, Matrigel 4mg/ml and 30mg/ml alginate-gelatin (1:1). TCP; tissue culture plate.

5.4.1.4 Live/ dead assay results
To further analyze the cellular compatibility of peptides, C2C12 cells were
encapsulated in 4 mg/mL IVFK and 3 mg/mL IVZK and incubated for 2, 4 and 8 days. The
biocompatibility and cytotoxicity of both peptides were tested qualitatively using live/dead
staining. The intensity of green color indicated that the majority of cells were viable and
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that a negligible number of dead cells were observed after 2, 4 and 8 days of 3D-culture as
shown in Figure 5.4. This result indicates the biocompatibility of our peptide hydrogels in
the tested concentrations.

Figure 5. 4 Live/dead staining of mouse myoblast cells encapsulated in peptide hydrogels, 4mg/ml IVFK and
3mg/ml IVZK, 30mg/ml alginate-gelatin (1:1) and 4mg/ml Matrigel, for different time points. Alginategelatin (B, F, J) and Matrigel (C, G, K) were used as positive controls, IVFK (D, H, L) and IVZK (E, I, M)
at days 2, 4 and 8, respectively. TCP; tissue culture plate. Scale bars 100μm.

5.4.1.5 Cytoskeleton staining of C2C12 cells in 3D hydrogels
Actin morphology is direct evidence which shows the compatibility of hydrogels,
alignment of cells in 3D scaffold and differentiation efficiency of the cells. The
biocompatibility of peptide hydrogels was studied in 3D cultured hydrogel after 2, 4 and 8
days (4 mg/mL of IVFK, 3 mg/mL of IVZK, 4mg/mL of Matrigel and 30 mg/mL of
alginate-gelatin) by staining the F-actin and nuclei of cell laden hydrogels. After two days
of culture, the F-actin filaments in C2C12 cells were well stretched and extended in all the
tested conditions (Figures 5.5 B, E, H, and K). By day 4, the F-actin was well spread,

100
extended and distinct in Matrigel (Figure 5.5 F) and IVFK (Figure 5.5 I) while in IVZK
(Figure 5.5 L) and alginate-gelatin (Figure 5.5 C) they were dense but not well pronounced.
Interestingly, the myoblasts were aligned at a particular angle in IVFK hydrogels which
may be because IVFK provides a structural cue to the myoblast cells which helped them to
align and proliferate. On day 8, cell alignments were comparable on both hydrogels IVFK
(Figure 5.5 J) and IVZK (Figure 5.5 M), as well as with positive controls Matrigel (Figure
5.5 G), and alginate-gelatin (Figure 5.5 D). This result further confirms the live/dead
staining and MTT assay results.

Figure 5. 5 Overlaid confocal fluorescent images of mouse myoblast cells encapsulated in peptide (4mg/ml
IVFK and 3mg/ml IVZK), Matrigel (4mg/ml), and alginate-gelatin (1:1) hydrogels. The encapsulated cells
were cultured for different time points and finally analyzed using fluorescent confocal microscopy (nucleus
shown in blue, F-actin shown in red and vinculin in green). (A) Mouse myoblast cells cultured on tissue
culture plate (TCP). Alginate-gelatin (B, C, D), Matrigel (E, F, G), IVFK (H, I, J), and IVZK (K, L, M) at
days 2, 4, and 8, respectively. Scale bar is 20 µm.
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5.4.2 Differentiation of muscle myoblast
To confirm whether these scaffolds induce differentiation of C2C12 myoblasts,
myosin heavy chain (MHC), which is a late-stage differentiation marker of myogenesis,
was observed via immunostaining. After inducing differentiation of the cells in
differentiation media for eight days, MHC expression was observed from myoblasts
cultured on both scaffolds and was found to be similar to positive control Matrigel, as
shown in figure 5.6 A. These findings indicate that both scaffolds promote muscle cell
differentiation, thus suggesting that these materials may prove to be beneficial in increasing
muscle mass. Fusion index was calculated from MHC stained cells, which were defined as
the number of nuclei present in myotubes in comparison to the total number of nuclei
present in the observed field. Statistical analysis revealed a significant increase in the
number of myotubes containing 4 or more nuclei in cells encapsulated IVFK compared to
other tested materials (Figure 5.6 B). In addition, quantitative investigation of cell
elongation on the scaffolds was estimated by the cell aspect ratio, which is characterized
as the proportion between the length of the longest line and the length of the shortest line
across the nuclei. The results demonstrated a slight increase in aspect ratio in 3D culture
with hydrogels and control Matrigel compared to 2D culture. However this increase did
not reach statistical significance (Figure 5.6 C).

102

Figure 5. 6 Overlaid confocal fluorescent images of differentiated mouse myoblast cells encapsulated in
peptide (4mg/ml IVFK and 3mg/ml IVZK) and 4mg/ml Matrigel. TCP; tissue culture plate was used as a
negative control. The encapsulated cells were cultured for eight days in differentiation medium. Nucleus
shown in blue and myosin heavy chain shown in green (A). Percentage of fusion index after eight days (B)
and nuclear aspect ratio of differentiated muscle cells (B). Scale bar is 50 µm.
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Chapter 6. Assessment of the printability of self-assembling peptide
bioinks for tissue engineering application

6.1 Background
Many technologies have been used to generate functional 3D constructs, but none
of these methods has succeeded in mimicking the gross native morphology of the tissues
and organs

181-183

. On the contrary, 3D bioprinting is a superior technology due to its

accuracy in producing dense, cellularized constructs. It has the additional advantages of
producing scalable and customized tissue constructs in a quick and cost-effective manner
184-186

. On the other hand, lacking a proper biocompatible bioink with supportive

mechanical properties for 3D cell culture is a major obstacle that results in the lack of cell
deposition accuracy and structural organization

185-186

. Therefore, new materials with

improved physical, mechanical, and chemical properties are required to improve tissue
engineering applications. Biocompatibility, biodegradability, non-immunogenicity, nonmutagenicity and non-hemolytic scaffolds are essential properties for the long-term culture
of cells and engineered tissue for implantation to avoid adverse physiological side effects.
Several biomaterials have been used in vitro as bioinks 159, 187. Scaffolds from selfassembling peptides are of particular interest for bioprinting due to their synthetic but
natural background. Herein, we tested the printability of our designed biocompatible
peptide bioinks by using a commercially available 3D bioprinter. Excellent printability and
shape fidelity, two essential standards for 3D bioprinting, were observed with both peptides.
The ability to print these hydrogels will enable future development of 3D bioprinted
scaffolds for different tissue engineering applications.
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6.2 Methods
6.2.1 Printability of peptide hydrogels
A commercially available extrusion-based 3D bioprinter was used to test the
printability of peptide bioinks. The 3D bioprinter has two extrusion printing heads that can
print two different bioinks. The peptide bioinks (20 mg/ml in water) were loaded into a 3
mL cartridge and fitted onto one of the extrusion heads of the printer. The extrusion head
was connected to an external air supply source with a manual pressure regulator to extrude
peptide bioink from the cartridge. A highly viscous solution of the peptide (20 mg/ml)
bioink was used so that it can be extruded from the printing nozzle. In the case of lower
concentrations of peptides (3 mg/mL or 4 mg/mL), we were unable to print due to the low
viscosity of the peptides at these concentrations. Three different structures- circle, square,
and grid, were printed in a layer-by-layer fashion. The nozzle diameter was 400 µm, and
an air pressure of 12 KPa with a printing speed of 4 mm/sec were used for the peptide
printing. Finally, 2× PBS buffer was added on top of the ring, grid or square structure to
form the peptide hydrogel.

6.2.2 3D Bioprinting of Myoblast Cells
6.2.2.1 3D Bioprinting
Two vials of IVFK and IVZK peptide powders, 15 mg each, were weighed out and
placed under UV light for 30 minutes for sterilization. Each vial was dissolved in 1 mL of
MilliQ water and then vortexed and sonicated for a homogeneous solution. The vials were
placed in an incubator at 37⁰C and 5% CO2. The incubation time for the IVFK pre-gel
solution was 3.5 hours and IVZK for 2 hours.
A custom-designed robotic 3D Bioprinter

[27, 28]

was setup with commercial microfluidic

pumps. A homemade two-inlet nozzle was used for extrusion. A heatbed was set to 37⁰C
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to create a suitable environment for the cells once extruded. Two commercial microfluidic
pumps were loaded for extrusion. A simple .gcode file was created of 8 layers.
Pump 1 was loaded with the peptide pre-gel solution and set to a flow rate of 60 µL/min.
Pump 2 was loaded with myoblast cells in serum-free DMEM culture media. The same
procedure was conducted for both peptides. 17-18 samples were printed for each peptide
with a height of 7-8 layers for each sample.

6.2.2.2 Live/Dead Assay
A two-color fluorescence assay was used to assess the cell viability within the
printed constructs. Calcein was used as a marker for living cells and ethidium homodimer
for dead cells. The bioprinted tissues were washed in PBS 3 times and treated with calcein
AM (green) and ethidium homodimer-1 (red) at 1:2 ratio in PBS. The samples were then
placed in an incubator in the dark at 37°C and 5% CO2 for 20 minutes. After staining, they
were washed again thrice in PBS. A confocal microscope (Leica SP8) was used for image
acquisition.
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6.3 RESULTS
6.3.1 Printability of peptide bioinks
Printability of peptide bioinks was verified using a commercially available 3D
bioprinter. It was observed that our peptide bioinks are printable with good shape fidelity
which is essential for 3D bioprinting (Figure 6.1 C, D, and E). As a proof of concept, circle,
square, and grid shapes were printed using the peptide bioinks. We used a 400 μm nozzle
and 3 layers to print different shapes in a layer-by-layer fashion. The edge thickness of the
shapes was calculated to be 1 mm which means the peptide bioinks spread (600μm) after
printing and, as a result, the edge thickness of the circle or square was increased compared
to the expected thickness.

Figure 6. 1 Bioprinting of peptide hydrogels using the Inkredible bioprinter (A, B). Bioprinted peptide
hydrogel in different structures: (C) circle, (D) square, and grid shape (E).
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6.3.2 Cell viability results of 3D bioprinted structures
The intensity of green fluorescence of the 3D printed cell-laden constructs shown in figure 6.2
revealed that most of the cells remained viable in both hydrogels throughout 5 days indicating that
the diffusion of nutrients and removal of waste products were sufficient to maintain the cell
viability.

Figure 6. 2: Overlaid confocal fluorescent images of 3D bioprinted mouse myoblast cells in peptide hydrogels;
IVFK and IVZK and cultured for different time points (Live cells shown in green and dead cells in red).
IVFK (A, B, C) and IVZK (D, E, H) at Days 1, 3and 5, respectively. Scale bars 100μm
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III.

DISCUSSION AND CONCLUSION

Every year all over the world, hundreds of thousands of patients require
hospitalization as a result of organ failure, which affects quality of life and is costly to treat.
Tissue engineering is an alternative approach for creating tissue constructs and fabricating
functional organs using biological scaffolds. The scaffold is a major component of a tissueengineered construct, which is made from a biomaterial and has 3D architecture, in order
to accommodate more cells, promote cell adhesion and proliferation. Recently, fabrication
of a biomimetic scaffold has attracted the interest of researchers

164

. Among these

biomaterials are nanofiber scaffolds, which mimic the natural ECM in terms of its
architecture and mechanical properties 188.
Biomaterial-based hydrogels made from self-assembling ultrashort peptides are
promising biomaterials for a variety of biomedical applications such as tissue engineering,
drug delivery, regenerative medicine, microbiology, and biosensing

20, 162, 167

. From this

point of view, we have developed a novel class of rationally designed tetrameric
amphiphilic ultrashort peptides, Ac-IVFK-NH2 (Ac-Ile-Val-Phe-Lys-NH2) and Ac-IVZKNH2 (Ac-Ile-Val-Cha-Lys-NH2) for the purposes of skin tissue engineering and skeletal
muscle tissue engineering. These peptides have an innate tendency to self-assemble into
helical nanofibers under aqueous conditions without the need for gelators, cross-linkers, or
mechanical stimulators. These helical nanofibers organize themselves into supramolecular
3D meshed nanofibrous networks which resemble the extracellular matrix in term of its
architecture. The self-assembly of these peptides occurs through the antiparallel pairing
interaction of two peptide monomers, forming helical intermediate structures. The
condensation of these fibers leads to hydrogel scaffold formation.

109
In this study, we used the aforementioned tetrameric peptides for the following
purposes: The first purpose was to characterize our newly designed nanogels and test their
effect on skin cell proliferation. The second purpose aimed to test the ability of these
materials to be used as scaffolds, particularly for the fabrication of 3D skin grafts needed
in wound healing. The third purpose is to evaluate the efficacy of these materials with and
without silver nanoparticles concentrates as dressings on minipigs with full-thickness
excision wounds, compared to standard-of-care hydrogels. The last purpose was to test the
biocompatibility of these peptide nanogels for 3D cell culture of mouse myoblasts (C2C12)
and the ability of these scaffolds to support skeletal muscle cell proliferation and
differentiation. All the aforesaid purposes center on the biocompatibility of the tetrameric
peptides on skin cell proliferation as well as skeletal muscle cell proliferation and
differentiation.
The gross outcome of the nanofiber network formed from the self-assembling of
ultrashort peptides IVFK and IVZK was confirmed by SEM, with the average diameter of
nanofibers in both the peptides of around 10-20 nm, where the fibers structurally resemble
collagen fibers with respect to topography

188

. The diameter of these nano-scale fibers

range within the diametric scope found in the natural ECM (5–300 nm) 178. This supports
their use as scaffolds for skin regeneration

189-192

, particularly for full thickness wounds.

Furthermore, the in situ silver nanoparticle formation within the transparent hydrogels was
confirmed by TEM that confirmed the presence of monodispersed AgNPs with a size range
of 10-20nm, which has been verified as a sufficient size to elicit antibacterial activity 179.
The mechanical stiffness and stability of both peptide nanogels was determined using
oscillatory rheology based on measuring the storage modulus (G’) and loss modulus (G”).
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The G” values of IVFK and IVZK were found to be less than their G’ values indicating the
gel state of both samples 169.
As cellular proliferation, adhesion and the formation of three dimensional cellular
networks are extremely important for tissue repair and regeneration, cytocompatibility of
the peptide nanogels was evaluated using neonatal human dermal fibroblast cells (HDFn)
and mouse myoblast cells (C2C12). The in vitro investigation demonstrated that exposure
of HDFn and C2C12 to different concentrations of peptide nanogels did not affect cell
growth when compared to cell growth in tissue culture plates and positive control Matrigel®.
Further, a time-dependent increase in ATP production was observed in 3D cultured HDFn
for 3, 7, 14, and 21 days, as well as in 3D cultured C2C12 for 2, 6, and 8 days. These results
demonstrated that the encapsulated cells were metabolically active. Furthermore,
fluorescent staining of the actin cytoskeleton, which serves as direct evidence for cellular
morphology and cytoskeleton structure

193

, demonstrated that both cell types proliferated

and extended within the scaffolds in their first days of encapsulation and their growth rates
rapidly increased. In addition, a network was created through cell-to-cell junctions, which
ultimately result in the formation of an extensive network saturating the nanogel matrix.
Moreover, the deposition of collagen in histological section of dermal fibroblast layer
indicated that fibroblast were not only mitotically active, but also functionally active by
producing their own collagen matrix.
In addition, the above mentioned peptide hydrogels were used to engineer a skin
bi-layer through the co-culture of fibroblast/keratinocyte. The construction of the 3D skin
model was performed by 3D co-culturing of HDFn with HEKn in both IVFK and IVZK hydrogels.
The interaction of these two cell types has been extensively studied 194-200. The outcome of culturing
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demonstrated that fibroblast cells tend to overgrow compared to keratinocytes, despite the higher
cell density of keratinocytes. In addition, the proliferation of keratinocytes was enhanced when cocultured with fibroblasts which might be attributed to the growth factors secreted by cocultured fibroblast cells that are essential for epidermal cells morphogenesis

201

such as

keratinocyte growth factor 202-203, insulin-like growth factor II 204, and hepatocyte growth
factor/scatter factor 205. The same observation was demonstrated by others thus suggesting
that the proliferation of keratinocytes during wound healing could be enhanced by direct
contact of keratinocytes with fibroblasts constructs

194-196, 198-199, 206-207

. Additionally, the

formation of a skin-like layer was observed when keratinocytes were seeded on fibroblasts
for 14 days, which showed similar results obtained earlier by others

208-210

. These results

confirmed that the growth of keratinocytes does depend on fibroblast or fibroblast
secrections206. It has been known that cross-talk between epidermis and dermis layers
occurs through paracrine signaling that maintain homeostasis during tissue repair.

35

. In

addition fibroblasts secrete soluble angiogenic growth factors such as VEGF, platelet drive
growth factor (PDGF), and transforming growth factor beta (TGF-β)

108-109

, which

stimulate and promote the sprouting of endothelial cells, the formation of lumen, and the
maintenance of the long term stability of new vessels 110. In this study, we confirmed that
direct contact of epidermal keratinocytes with dermal fibroblast construct on 3D scaffolds
significantly enhanced epidermal cells proliferation. This enhancement was affirmed by
the significant increase in the expression of IL-1α, an initiator of keratinocyte activation,
in culture keratinocytes alone as well as in 3D co-culture system, which in turn stimulate
IL-6 that activate the proliferation of fibroblast and their production of extracellular matrix
components as well as stimulate the secretion of TGFβ-1 (autocrine signal) and b-FGF
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(paracrine signal). As a result, TGF-β1 induce the expression of CK14 (early differentiation
markers of basal keratinocytes) that return healthy phenotype of the basal keratinocytes in
autocrine manner. In addition, IL-6 and b-FGF, secreted by dermal fibroblast in response
to the release of IL-1α, stimulate the proliferation and the sprouting of endothelial cells
and, consequently, promote angiogenesis/neovascularization in paracrine manner

211-213

.

These outcomes suggested that the enhancement of keratinocyte proliferation was for the
most part intervened by the cytokines delivered by the two cells and both cytokines (IL-1α
and TGFβ1) play an important role in fibroblast-stimulated keratinocyte proliferation.
Similar observation has been shown by other investigators

206

. Indeed, the function of

fibroblasts in skin tissue is stimulated by the presence of epidermal keratinocytes

201

, and

the growth of keratinocytes cultured with fibroblast occurs via a double paracrine manner78.
Most recent studies were performed generating skin substitutes by co-culturing
epidermal keratinocytes with dermal fibroblasts within 3D scaffold
viability was lossed in long-term cultures

80

214

. However, cell

resulting from poor nutrition and oxygen

deficiency inside the construct 82, which prevent the usage of these scaffolds for clinical
application. Thus, vascularization of skin substitues are in high demand. The formation of
vessel-like structures and the differentiation of vascular endothelial cells could not be
achieved without appropriate cues

111-112

. It has been demonstrated that the presence of

supportive cells such as fibroblasts is required to offer both the extracellular matrix and the
angiogenic growth factor necessary for tube-like structure formation 112. Improvement of
vascularization and enhancement of wound healing has been reported through the
transplantation of endothelial cells and smooth muscle cells

113

. The reconstruction of

capillary like structures within tissue engineered constructs could solve the main problem
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of vascularization deficiency impeding the development of most tissue engineered
organs. Accordingly, in the present study, pre-vascularization was performed by the coculturing of HDFn with HUVEC using these nanogel scaffolds to determine which initiated
endothelial sprout formation to a greater extent. Indeed, the assembly of capillary-like
networks might be promoted by HDFn secretion of vascular endothelial growth factor 215,
which maintained and sustained this network until day 21 without supplementing the
medium with growth factor. Moreover, co-culturing empowers the cells to convey signals
by means of paracrine, juxtacrine or gap junctional signals 216 , thereby prompting adjusted
angiogenic responses

217-219

. Also, a time-dependent increase in the length of the formed

vessels was observed. A similar observation has been demonstrated by others after seeding
endothelial cells onto confluent fibroblast lawns 220. It is worth mentioning that the IVFK
scaffold has fulfilled the criteria of a tissue-engineered scaffold by maintaining the in vitro
proliferation of dermal fibroblasts, enhancing collagen deposition, and supporting the prerevascularization of the dermal construct. Therefore, IVFK scaffolds serve as an efficient
substrate for vascular tissue engineering. Consequently, this pre-vascularized 3D dermal
construct may have great potential for accelerating the wound healing process, thereby
permit prior anastomosis. Furthermore, expanded vessel arrangement in the inside of the
embed provide oxygen and nutrients necessary to maintain skin graft 115
Furthermore, we have successfully fabricated vascularized skin equivalent by
seeding keratinocytes on top of vascularized dermal construct. Our results showed that both
peptide nanogels not only offer favorable microenvironment for dermal fibroblast but also
provide suitable niches for epidermal keratinocytes growth, as they proliferated and form
layer like skin structure on top of vascularized construct after four days.
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Based on this observation, we could confirm that peptide scaffolds provide a
favorable microenvironment for adhesion, the spreading and proliferation of skin cells, and
are thus safe for topical application. As such, we decided to evaluate the therapeutic effects
of these biomaterials on wound closure.
To study peptide nanogels in vivo, full-thickness incision wounds (1×1 cm) were
created on the dorsal back of minipigs by surgical removal of the upper epidermis layer
and middle dermis layer. Then the biomaterials and their silver nanoparticle encapsulated
counterparts were topically applied. We examined their healing capacity in comparison to
commercially available standard of care hydrogel dressings, namely DuoDerm ®
Hydroactive® hydrogel and AQUACELR Ag EXTRATM-hydrofiberTM. We found that the
application of these hydrogels to chronic full-thickness wounds stimulate granulation tissue
formation as well as reepithelialization which eventually close the wound without the
addition of exogenous growth factors or cells

221

. The presence of granulation tissue

suggests that both hydrogels support the proliferation of endothelial cells and thus enhance
angiogenesis. Also, the observed ability of these peptide nanogels alone, without any
additional additive factors exhibit a similar effect as the controls which will enable the
future development of 3D scaffolds containing skin/stem cells as well as angiogenic factors
to promote vascularization necessary for successful tissue engineering graft. Moreover,
these peptide nanogels, containing only four amino acids, are less costly due to an easy
way of production and are devoid of any chemical additives, which is in stark contrast to
commercially available hydrogel dressings. Considering our results, we believe that the
utilized peptide nanogels are promising materials for the fabrication of skin substitutes as
well as 3D skin graft, particularly in the context of wound healing.
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Finally, as a step towards the 3D bioprinting applications of these peptide bioinks,
we confirmed the printability of these peptides using an extrusion-based printing method.
Our results indicate that peptide bioinks are printable and are promising candidates for 3D
bioprinting of different cell types. These peptide bioinks may create elastically designed
and accurately defined structures with a uniform distribution of cells that could lead to
better architectural organization in the development of different tissue engineering
applications. In addition, the 3D bioprinted scaffolds, which simulate highly complex
structures of ECM, were engineered by our custom-designed Robotic 3D Bioprinter. The
cells were infused into the 3D constructs during printing through a custom extrusion
method. The two-inlet nozzle, fabricated in-house, allowed the gelation of the peptide and
even distribution of the cells within each layer of the construct. The results showed that the
3D printed platforms could enhance cell adhesion and proliferation for at least 5 days as
can be seen in the results of the live-dead assay. Moreover, they could promote myotube
formation and hence induce the myogenic differentiation of C2C12 myoblast cells in 3D
culture. This confirms the biocompatibility of the 3D bioprinted structures and suggests
that they can potentially be used as cell culture platforms for skeletal tissue engineering
and regeneration
In summary, our studies show that newly developed peptide nanogels provide
native cues to human dermal fibroblasts as well as mouse myoblast cells and promote their
proliferation and extensive network formation in vitro. Also, throughout the co-culture,
both scaffolds support cellular attachment and provide a substantial increase in epidermal
cell proliferation over time, which eventually covers the surface of the entire construct to
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form skin-like structures. The results represent an improvement in the fabrication of dermal grafts
as well as 3D skin models.
In addition, the application of these ultrashort peptide nanogels on full thickness
wounds in a minipig model demonstrated biocompatibility with minipig skin tissue as the
peptide nanogels did not trigger wound inflammation and thus can be considered safe for
topical applications. The peptide–based biomaterials exhibited a similar effect on wound
closure when compared to the current standard of care hydrogels. Moreover, the
comparable effect obtained after using hydrogels with/without AgNPs indicated that these
materials have a high potential to act as antibacterial agents. Our results suggest that
peptide nanogels as wound dressings may significantly enhance chronic wound healing
when combined with cells or growth factors that are suitable for skin tissue regeneration.
We propose that the peptide nanogels could act as potential carriers for HDFn
transplantation in in vivo therapies and as promising biomaterials for tissue engineering
applications.
Further in vivo studies should be performed to assess how the 3D culture peptide
scaffolds work when seeded together with autologous skin cells. Follow-up studies are
critically needed as they will allow for a more precise evaluation of the dressings’ fate postgrafting. We have also shown that both peptides are printable. The ability to print our
peptides and the returning of high cells viability within the printed construct, will opens up
the possibility of 3D bioprinting different cell types in the future. We believe that the
described results represent an advancement in the context of engineering skin tissue and
skeletal muscle tissue, providing the opportunity to rebuild missing, failing, or damaged
parts in the future.
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