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Abstract

Vascularisation efficiency plays an essential role in the success of bulk transplantation, while biocompatibility
and safety are major concerns in clinical applications. Fibrin-based hydrogels have been exploited as scaffolds
for their advantages in biocompatibility, degradability and mass transportation in various forms. However, the
mechanical strength and degree of vascularisation remain unsatisfactory for clinical usage. An interpenetrating
hydrogel was developed by adding hyaluronic acid (HA) to a fibrin-based natural hydrogel. The vasculogenesis
of endothelial cells (human umbilical vein endothelial cells, HUVECs) was characterised within the gel using
both in vitro and in vivo animal studies. The in vitro vascular morphology analysis showed 17.9 % longer mean
tube length and 14.3 % higher average thickness in 7 d cultivation within the HA-supplemented hydrogel.
The in vivo results showed 51.6 % larger total tube area, 1.8 x longer average tube length and 81.6 % higher cell
number in the HA-supplemented hydrogel compared to the hydrogel without HA. The experimental results
demonstrated better vascularisation and cell recruitment in the HA- supplemented hydrogel. The material
properties of the hydrogels were also analysed using atomic force microscopy (AFM). The results revealed
3.7 x higher elasticity of the HA-supplemented hydrogel, which provided better mechanical strength and
support for easy handling during procedures. With the demonstrated advantages, the developed hydrogels
showed promise for exploitation in various practical clinical applications.
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Introduction

Tissue and organ transplantations have been
exploited as ultimate solutions for various diseases
and pathological conditions in clinical procedures
(Brown and Cruess, 1982; Curl et al., 1997). Bulk
transplants often give sub-optimal results due to their
inadequate vascularisation (Pelissier et al., 2003). For
example, lack of blood supply is one of the critical
causes for fracture non-union and poor healing of
tendon repair in orthopaedic surgeries (Kimball et al.,
2007; Richards, 1980). To improve the vascularisation,
establishing a well-penetrated pre-vascularisation
endothelium network in vitro, before implantation,
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has been investigated (Laschke and Menger, 2016;
Novosel et al., 2011). The primitive vasculature allows
for rapid integration with the host circulation and
supports maturation of the vessels, thus increasing
the implant perfusion and survival (Gibot et al., 2010;
Levenberg et al., 2005; Tremblay et al., 2005). However,
it is challenging to engineer an in vitro vasculature
for clinical applications because of the relatively low
process efficiency and concerns over compatibility
and safety (Laschke and Menger, 2016).

In order to promote vascularisation, hydrogels
have been widely studied as potential scaffolds
because of their advantages in biocompatibility,
degradability, mass transportation and injectability
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as well as provision of an aqueous environment
(Hoffman, 2012; Khademhosseini and Langer,
2007). Fibrin gel, a natural hydrogel, is a well-
established material for studying vascularisation.
As the primary matrix in wound healing, the three-
dimensional (3D) structure of fibrin provides a
solid scaffold for haemostasis (Laurens et al., 2006).
Fibrin gels with added angiogenic growth factors
can stimulate endothelial cell growth for several
days by slowly releasing angiogenic factors (Wong
et al., 2003). Therefore, fibrin gel is suitable for
long-term differential culture due to its desirable
properties. Furthermore, fibrin promotes production
of extracellular matrix (ECM) proteins (e.g. collagen
I). This provides stable microvascular networks and
adhesion sites for the endothelial cells as well as
regulating endothelial cell migration, proliferation
and survival (Grassl et al., 2002; Morin and Tranquillo,
2013; Raines, 2000). However, fibrin gel containing
cells usually contracts and degrades rapidly during
in vitro culture and transplantation (Lorentz et al.,
2011; Meinhart et al., 1999; Park et al., 2009; Rowe
and Stegemann, 2006; Syedain et al., 2009; Tuan et
al., 1996). This poor mechanical property of fibrin
gel is a disadvantage for practical applications. To
improve the properties of the fibrin gel, hydrogels
made of fibrin with other materials — forming
interpenetrating polymer network (IPN) hydrogels
—have been investigated to overcome the drawbacks.
IPN is a polymer which comprises two or more
networks that are, at least, partially interlaced on
a polymer scale but not covalently bonded to each
other. It has been shown that the networks can be
stably maintained without separation for various
applications (McNaught and McNaught, 1997).
Among various synthetic or natural materials
forming an IPN hydrogel with fibrin is hyaluronic
acid (HA), a native component of extracellular
matrix, which has been exploited to form networks
with fibrin. The fibrin and HA are crosslinked to
form an IPN structure and the scaffold formed can
maintain its integrity for more than 2 weeks (Yu et
al., 2015). HA is a glycosaminoglycan that distributes
ubiquitously in connective tissues to support the
matrices. Previous studies have reported that HA
concentrations elevate at inflammation sites and in
damaged tissues immediately after the formation of
fibrin gels (LeBoeuf et al., 1986, Weigel et al., 1986).
HA can specifically bind to fibrinogen and improve
the polymerisation process, stabilise the fibrin gel
and delay the degradation (Komorowicz et al.,
2017; LeBoeuf et al., 1987; LeBoeuf et al., 1986). By
modulating the architecture, large HA molecules can
also increase the porosity of fibrin gel and largely
stimulate cell migration within the 3D construct
(Hayen et al., 1999; Komorowicz et al., 2017). High
molecular weight HA, usually defined as that with
a molecular mass greater than 1 x 10° Da, is anti-
angiogenic because it promotes cell quiescence and
tissue integrity (Genasetti et al., 2008; Maharjan et
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al., 2011; Rooney et al., 1995). In contrast, the low
molecular weight HA (0.8-8 x 10° Da) or oligo-HA
(<6 x10° Da) can enhance angiogenesis by stimulating
endothelial cell proliferation, increase their matrix
collagen production or direct the synergistic effect
of VEGF on angiogenesis (Montesano et al., 1996;
Rooney et al., 1993; Slevin et al., 2002). Combining
fibrin and HA can provide mutual advantages both
physiologically and biologically.

Recently, chemically modified HA and fibrinogen
have been reported to strengthen the stability of
hydrogel (Lee and Kurisawa, 2013; Loebel et al., 2019;
Snyder et al., 2014). However, modifying HA and
fibrinogen needs chemical reactions, complicating
the preparation processes and brings additional
unpredictable effects in clinical applications such
as implants. By contrast, naturally derived HA
and autologous fibrinogen has been widely used
in clinical orthopaedic applications (Bannuru et al.,
2009; Huskisson and Donnelly, 1999; Tayapongsak
et al., 1994). Also, fibrin-HA hydrogels have been
applied to cell regeneration or differentiation
studies, aiming at solving different clinical problems
(Arulmoli et al., 2016; Hackel et al., 2019). In the
current study, a hydrogel scaffold was developed for
in vitro vascularisation with great biocompatibility.
The gels can also be utilised for in vivo applications.
The developed hydrogel was mainly composed of
fibrinogen. Naturally derived high-molecular-weight
HA (HMWHA, Molecular Weight ~1.5-1.8 x 10° Da)
was added to improve the mechanical properties for
vascularisation promotion and mechanical stability,
this also has the potential for clinical application
use. Angiogenic growth factors, vascular endothelial
growth factor (VEGF) and basic fibroblast growth
factor (bFGF) were also added to the hydrogel. The
additional growth factors could cooperate with
the fibrin and ECM molecules to help endothelial
cells differentiate and sprout (Battegay, 1995;
Bischoff, 1995; Sahni and Francis, 2000; Sahni et al.,
1998; Schenk et al., 1999). In the experiments, the
vascularisation performance of the hydrogels was
characterised using image analysis of both in vitro cell
culture and in vivo mouse models. The mechanical
properties of the hydrogels were also characterised
using atomic force microscopy (AFM).

The obtained results confirmed that the developed
HA-supplemented fibrin hydrogel, a biocompatible
and degradable 3D scaffold, could provide a suitable
environment for endothelial cell differentiation both
in vitro and in vivo, as well as the mechanical strength
needed for practical applications. Fibrinogen,
which can be extracted from patient’s own blood,
is a suitable material for autologous transplantation
and is successfully used for many clinical surgeries
(Gestring and Lerner, 1983; Haisch et al., 2000). In
addition, HA is widely applied in clinical situations,
especially for osteoarthritis treatments (Bannuru et al.,
2009; Huskisson and Donnelly, 1999). The developed
hydrogel has great potential to be directly applied
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in clinical research and may provide a promising
solution for inadequate vascularisation of bulk
transplants.

Materials and Methods

Cell culture

In order to study vasculogenesis both in vitro and
in vivo, as shown in Fig. 1, commercially available
human umbilical vein endothelial cells (HUVECsS)
(CC-2519, Lonza Group, Basel, Switzerland) were
used for this study. The cells were cultured and
expanded in endothelial growth medium (EGM-2)
(CC-3162, Lonza Group). For consistent results, only
cells with passage numbers 4 to 6 were used. The
stock of cells was maintained in a humidified cell
incubator (HERAcell 240i, Thermo Fisher Scientific
Inc., Waltham, MA, USA) at 37 °C and 5 % CQO,,.

Hydrogel preparation

For the 3D matrix supporting the endothelial cell
growth and networking, hydrogels both with and
without endothelial cells were prepared. Two types
of hydrogels were prepared: fibrinogen hydrogel
(F-Gel) and fibrinogen-HA hydrogel (FH-Gel).
In order to mix the endothelial cells within the
hydrogels, the HUVECs were detached using TrypLE
express enzyme (12604, Life Technologies, Grand

In vitro procedures HUVECs

Hydrogel HUVEC culture

¥

Hydrogel material
properties analysis
by AFM

In vivo procedures

Back-pouch model

(7 d in vitro cultivation / 7 d in vivo culture
F-Gel

HUVEC-laden
F-Gel

HUVEC-laden
FH-Gel

Fibrinogen-based
hydrogel
(F-Gel, DH-Gel)

IHC staining of
frozen sections

Haematoxylin & eosin
(H&E) staining

Island NY, USA) and then washed with the complete
medium to inactivate the TrypLE. The cells were then
resuspended in the medium before mixing with the
hydrogel. The hydrogel solutions were prepared
prior to cross-linking with thrombin. The hydrogel
solution for F-gel contained a final concentration of:
8 mg/mL fibrinogen (F8630, Sigma, St. Louis, MO,
USA), 40 ng/mL VEGF (100-20, Pepro Tech, Rocky
Hill, NJ, USA), 40 ng/mL p-FGF (100-18B, Pepro
Tech). The hydrogel solution for FH-gel contained a
final concentration of 8 mg/mL fibrinogen, 40 ng/mL
VEGEF, 40 ng/mL (3-FGF and 0.05 % (w/v) hyaluronic
acid (53747, Sigma). For the hydrogel with the cells,
HUVECs with final density of 4 x 10° cells/mL were
mixed into the hydrogel. Each well of the 48-well
culture plate were filled with the 300 uL hydrogel
solution and then 24 pL 0.5 mg/mL thrombin (T4648,
Sigma, St. Louis, MO, USA) was added for hydrogel
formation. The plate was kept at 37 °C for 30 min for
gel formation before filling each well with medium.
The plate was then allowed incubation at 37 °C, 5 %
CO, for 7 d.

Hydrogel material property characterisation

In order to examine mechanical strength of the
hydrogel and determine the Young’s modulus of the
fibrin gels, biological AFM (bio-AFM) was applied
(Fig. 2a). Atomic force microscopy (AFM) is a form
of scanning probe microscopy that uses precisely

Immunohistochemistry
(IHC) staining

Imaging by inverted
fluorescence microscopy
(brightfield and fluorescence)

Quantitative
image analysis

{7

Imaging by inverted
fluorescence microscopy
(brightfield and fluorescence)

Fig. 1. Schematics of the process for the in vitro and in vivo experiments to study vessel formation by
endothelial cells cultured in hydrogels with different compositions.
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Fig. 2. Elasticity test of hydrogels. (a) The AFM measurement setup exploited to characterise the mechanical
properties of the hydrogels. (b) AFM measurement results. The spatial distribution of the elasticity values
obtained from AFM measurements on 30 pm x 30 pm (100 x 100 data points) hydrogel samples, and the

histograms of the elasticity values.

manufactured probes that can scan sample surfaces at
sub-nm resolution. One of the notable features of an
AFM probe is the spring-like cantilever with a sharp
tip attached for contact investigation of a specimen’s
mechanical properties (Lu et al., 2006; Rico et al., 2005).
Among contact-mechanics theories, the Hertz model
(Hertz) gives the normal contact load as a function
of local deformations of the indented specimen.
The measured elastic properties of the specimen,
such as Young’s modulus and relevant geometrical
effects, have been widely employed in indentation
hardness tests. Accordingly, elastic properties of
specimen surfaces, to which the probe cantilevers
are highly sensitive, can be quantitatively evaluated
by collecting force-displacement indentation curves
during raster scanning. A number of studies have
also attempted to characterise elastic properties of
biomaterials through AFM indentation approaches
at specific spots on the scanned surface (Cross et
al., 2007; Docheva et al., 2008; Engler et al., 2006; Lin
et al., 2016; Rico et al., 2005). In the current study,
the sample elasticities were measured through
the force spectroscopy settings of the feedback set
point (100 nN, extension speed: 1 um/s; relative
spectroscopy set point of 450 nN), implemented on
a conventional bio-AFM system (NanoWizard 3, JPK
Instrument AG, Berlin, Germany) using a four-sided
pyramid tip attached to the probe with a spring
constant of 7.4 N/m and half edge-angle of 11.25°
(PPP-NCSTR, Nanosensors) for each indentation spot
at ambient temperature. Afterwards, the collected
indentation curves were processed using AFM data
processing software (JPK DP 4.2, JPK Instrument
AG, Berlin, Germany) to extract the desired best-
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fitting Young’s modulus of the Hertz model on the
raw data, with a material Poisson’s ratio value of
0.5. Consequently, using an AFM probe to indent
the fibrin gel substrate, the testing force curves were
obtained and then used for the least-squares fitting
calculation, based on the contact-mechanics theory,
to yield the desired elastic modulus of the substrate
material.

Hydrogel in vivo transplantation

For the in vivo experiments, male nude mice (BALB/c
NU) with ages of 5-6 weeks were purchased
(BioLASCO, Taipei, Taiwan). The animal studies
were conducted under the permission issued by
animal ethics committee of Taipei Veterans General
Hospital and all procedures were performed under
supervision of the committee. After being housed in
cages for 1-2 weeks, the animals were anaesthetised by
intraperitoneal injection of 5 % 2,2,2-Tribromoethanol
(T48402, Sigma-Aldrich, St. Louis, MO, USA).
Two subcutaneous pockets were produced by
dissection on each dorsal side of the mouse, where
the 3D hydrogels were placed. The incisions were
closed with a surgical suture. Hydrogels without
the HUVECs were also implanted as controls. The
hydrogels were cultured in the mice for 7 d, and
then the mice were sacrificed by CO, inhalation.
The hydrogel samples were removed from the mice
and then fixed with formalin for haematoxylin and
eosin (H&E) staining or immersed in Dulbecco’s
phosphate-buffered saline (DPBS, 14190, Invitrogen
Corp, UK) for immunofluorescence staining. Twenty-
four mice were used, 6 for each group.
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H&E staining

In order to visualise the blood vessel formation
within the hydrogels, H&E staining was performed
on the in vivo samples. The hydrogel samples from
the in vivo transplantations were first fixed with
formalin before processing into paraffin wax (Leica
Biosystems). Serial 5 um sections were cut and 3
sections were mounted on glass slides (Muto Pure
Chemicals Co., Ltd.; Tokyo). The mounted sections
were oven dried for 30 min at 60 °C, and then the
slides were stained with H&E (Leica Auto Stainer XL,
Leica Microsystems, Buffalo Grove, IL). Cover slips
were automatically mounted on the stained sections
using xylene containing rapid mounting medium
Entellan (107961, Merck, Darmstadt, Germany) and
stored at room temperature.

Immunofluorescence staining

In order to further confirm the vascularisation of
the endothelial cells and investigate the in vivo cell
origin, immunofluorescence staining was performed.
For the in vitro material within the hydrogels,
stainings targeting VE-cadherin, F-actin and
nucleus were carried out after 7 d in culture. After
washing with DPBS, gel samples were fixed in 4 %
paraformaldehyde (158127, Sigma-Aldrich) in DPBS
for 15 min, then permeabilised using 0.1 % Triton
X-100(T9284, Sigma-Aldrich) in DPBS for 5 min.
After blocking using Image-iT FX signal enhancer
(I36933, Invitrogen, Carlsbad, CA, USA) for 30 min,
gel samples were incubated overnight at 4 °C with
goat anti-human VE-cadherin (5C6458, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The samples
were then incubated for 1 h with Alexa Fluor 488
Donkey anti-goat IgG (A11055, Invitrogen,) as a
secondary antibody. For staining F-actin and nuclei,
the cells were stained with Alexa Fluor 594 Phalloidin
(A12381, Invitrogen) for 1 h and DAPI (D9542, Sigma-
Aldrich) for 10 min.

For the in vivo samples, staining targeting both von
Willebrand (VW) factor and nuclei was carried out.
Hydrogel samples from the in vivo transplantation
were immersed in DPBS and frozen sectioning
performed immediately. Four x 2 um serial frozen
sections were cut using a cryostat (Microm HM 550,
Thermo, Walldorf, Germany) with a clean blade, and
3 sections of each set were mounted on glass slides
(Muto Pure Chemicals, Tokyo, Japan). The unfixed
sections were immediately stored at —20 °C. The
frozen sections were thawed at room temperature
for 30 s, without drying, and immersed immediately
in 4 % paraformaldehyde in DPBS for 10 min. After
fixation, 0.1 % Triton X-100 in DPBS was applied for
3 min for permeabilisation. Using 1 % BSA (A7906,
Sigma-Aldrich) as blocking buffer for 1 h, the samples
were then incubated with Anti-VW Factor (ab699%4,
Abcam, Cambridge, UK) for 2 h at room temperature.
Thereafter, the samples were incubated for 1 h with
Alexa Fluor 568 goat anti-rabbit IgG (H+L) (A11011,
Invitrogen), as a secondary antibody. For revealing
nuclei, DAPI staining was applied for 10 min.
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Image analysis

For quantitative comparison of the results obtained
during treatment under different conditions,
both two- and three-dimensional microscopy
imaging and analysis were performed. The hydrogel
samples containing the cells were imaged using an
inverted fluorescence microscope (AF7000, Leica
Microsystems, Solms, Germany) and a confocal
microscope (TCS SP5, Leica Microsystems) following
immunofluorescence staining. To obtain images of
planes at various depths within the samples, Z-stack
images were set to be captured every 100 um. The
images were then analysed using MetaMorph
NX software for offline analysis and angiogenesis
application module packages (MetaMorph® NX 2.0,
Universal Imaging Corporation, West Chester, PA,
USA).

Results

AFM measurement

The mechanical properties of the hydrogels were first
characterised using AFM. In order to eliminate the
bias from local measurements, samples over an area of
30 x 30 pm? were indented with 100 x 100 data points
to ensure the measured results were representative.
Fig. 2(b) shows the elasticity distribution within the
measured area and the histograms of the estimated
elasticity values. The measurement results showed
that the F-Gel had relatively consistent elasticity
values over the measured area with the value of
1.3 kPa at the highest frequency, and an average
elasticity was 1.86 kPa. In contrast, the distribution
of elasticity values of the FH-Gel had 2 major groups
with values of 5.8 and 10.0 kPa at higher frequencies.
The average elasticity value was 8.79 kPa. The results
suggested that the AFM measurement could provide
meaningful and representative results for hydrogel
elasticity estimation. FH-Gel had about 3.7 x higher
average elasticity than F-Gel that may have resulted
from being supplemented with HA.

In vitro immunofluorescence staining

Immunofluorescence staining was first performed to
investigate the cellular morphology and behaviour
within the hydrogels in vitro. Fig. 3(a,b) show
both brightfield and fluorescence images of the
endothelial cells cultured in both F-Gel and FH-Gel
at different time points (days 0, 3, 7, 10 and 15). To
study the cellular network, the cells were stained for
the endothelial-cell-specific tight-junction protein,
vascular endothelial cadherin (VE-cadherin) and
cytoskeleton protein F-actin after 3, 7 and 10 d in
culture. The green and red fluorescence indicated
positive identification of VE-cadherin and F-actin in
the HUVECs cultured in both hydrogels. Cell nuclei
stained with DAPI, showing blue fluorescence,
indicated the distribution of the HUVECs within the
hydrogels. The VE-Cadherin was localised at the cell
periphery while the F-actin was initially distributed
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Fig. 3. Vasculature morphogenesis within the gels. (a) and (b) Brightfield and fluorescence images
of the endothelial cells cultured in the F-Gel and FH-Gel at different days, respectively. The cells are
immunofluorescence stained for F-actin (red), VE-Cadherin (green) and nuclei (blue). Scale bars in the
brightfield and fluorescence images are 200 and 50 pm, respectively.
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Fig. 4. Quantitative tubulogenesis assay. (a) Three-dimensional imaging. The setup and parameters exploited
for the 3D imaging of the collected samples from the in vitro experiments. (b) Analysis parameters. The
parameters analysed using the Metamorph NX 2.0 software with the angiogenesis tube formation module.
(c) In vitro cell culture quantitative analysis. Unpaired student t-tests were performed to statistically analyse
the results obtained from F-Gel and FH-Gel at different days (n = 3).
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uniformly across the cells and later, following
culturing, localised at the periphery. The images
confirmed that the HUVECs were differentiated
into vascular endothelial cells and formed 3D vessel
networks.

The collected 3D fluorescence images from the
in vitro studies, and analysed using the automated
microscopy and image software (Metamorph NX2.0),
with an angiogenesis tube formation module with
specific parameters (Fig. 4a,b), showed quantitative
analysis (Fig. 4c). First, the total tube lengths — defined
as total vessel length in um, excluding nodes —
formed by the HUVECs when cultured in different
hydrogel compositions were calculated. The tubes
were automatically identified by the software, and
the results from the images analysed at days 3, 7 and
10 were plotted. The total tube lengths in the F-Gel
were 33.2 %, 74.1 % and 28.9 % longer than those
in the FH-Gel at days 3, 7 and 10, respectively. The
total length decreased during culture in both F-Gel
and FH-Gel. The total length decreased from day 3 to
10 by approximately 38.5 % in the F-Gel, and about
36.5 % in the FH-Gel.

In order to quantitate the 3D networking
formation of the HUVECs, the mean tube length —
defined as total length divided by the number of
segments — was also analysed. Mean tube lengths at
days 3, 7 and 10 for the HUVECs cultured in FH-Gel
were 30.8 %, 17.9 % and 8.1 % longer than those in
F-Gel, respectively. The observation was the opposite
of that obtained for the total tube-length analysis.
Furthermore, the mean tube lengths increased in
both F-Gel and FH-Gel during culture, which was
also opposite to the trend for the total tube-length
analyses. The mean tube lengths at days 3 to 10
increased approximately 54.1 % and 27.3 % for the
HUVECs cultures in F-Gel and FH-Gel, respectively.

To further investigate the morphology of the
formed networks, average tube thickness — computed
as total area divided by total length — was calculated
to seek the possible reasons for the opposite trends
obtained in the total and mean tube length analyses.
The average tube thicknesses for the HUVECs
cultured in the FH-Gel were 20.6 %, 14.3 % and 10.5 %
higher than those in the F-Gel at days 3, 7 and 10,
respectively. Also, the average thicknesses increased
in both F-Gel and FH-Gel during culture. These
were similar trends to those obtained for the mean
tube-length analyses. The average tube thicknesses
increased approximately 37.6 % and 26.2 % from day
3 to 10 for the HUVECs cultures in the F-Gel and FH-
Gel, respectively.

In vivo H&E staining

In order to demonstrate the performance of the
hydrogel culture for practical clinical applications, in
vivo studies using the mouse back-pouch models (Fig.
5a) were also conducted. After the transplantation
and 7 d culture in the mice, the samples were
extracted from the animals and fixed immediately.
The samples were stained with H&E after embedding
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in paraffin-wax blocks and cutting into serial sections.
Fig. 5(b) shows the images of the H&E stained cells in
the hydrogels. The cell nuclei showed a blue-purple
colour, the hydrogel matrices were pink, and the
vessel networks created by the cells displayed as
white areas. The H&E stained cell images show the
distribution and structures of the cells in the F-Gel
and FH-Gels. The results provided the layouts of the
vessel networks in single slices of the hydrogels and
showed the network structure of the cells in vivo.

Quantitative analysis was carried out on images
of single slices of the H&E stained samples (Fig.
5c¢). The green-colouring shows the tube areas, as
automatically identified by the software. The plots
show the calculated total area and cell number per
unit area for different experiments. Since the images
obtained from the H&E stained samples provided
tube formation information on a single slice, the
total tube area within a unit area (1 mm?) was first
analysed. The total tube area within the hydrogels
with HUVECs were much higher (7.2 x in F-Gel,
and 8.8 x in FH-Gel) than those within the hydrogels
without HUVECs. The difference between the areas
within the F-Gel and FH-Gel without HUVECs was
not significant. In contrast, for the hydrogels with
HUVECs, the area within the FH-Gel was 51.6 %
higher than that within the F-Gel.

To quantify the cells in the hydrogels, cell numbers
in the H&E stained images of single slices were also
analysed by the software. Cell numbers in the FH-Gel
and F-Gel with HUVECs were 3.2 and 2.8 x higher
than those in the gels without the cells, respectively.
After the in vivo culture, the cell nuclei could be
observed in the hydrogels without HUVECs, and the
cell number in the FH-Gel was approximately 25.7 %
higher than that in F-Gel. The results suggested that
the mouse cells could be recruited into the hydrogels
after their insertion, and the HA supplementation
enhanced the number of mouse cells recruited.
Similar to the total area analysis, the cell number in
the FH-Gel was 38.8 % higher than that in the F-Gel,
indicating the better proliferation of HUVECs within
the FH-Gel.

In vivo immunofluorescence staining

Since the H&E stained images could only provide
information on tube formation in single slices,
immunofluorescence staining with widefield
microscopy was exploited for imaging the in vivo
samples. To further distinguish between the HUVECs
and mouse cells, immunofluorescence staining
was also performed. The extracted samples were
stained for a blood glycoprotein von Willebrand
factor (VWF) and nuclei (DAPI). The VWF was
chosen to be specifically bound to the human cells
for identification of HUVECs introduced into the
hydrogels before the implantation. Fig. 6(a) shows the
fluorescence images of the hydrogels collected after
7 d implantation in the mice. The images show that
the human-cell-specific fluorescence VWF staining
can be observed in both with and without HUVECs
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Fig. 5. Histology and quantitative assay of in vivo study. (a) Images of the back-pouch model used in the
in vivo experiments and the collected samples. (b) H&E stained images of the hydrogels collected from the
in vivo experiments. (c) The quantitative analysis procedure and the obtained quantitative results from the
hydrogels with different compositions. The significantly different results statistically analysed using the

analysis of variance (ANOVA) are designated with different letters (a, b, ¢, d = p < 0.05).

samples, suggesting optical imaging artifacts and
non-specific bonding of the proteins onto the non-
human organelles. Despite of the undesired signals,
the HUVECs could still be clearly imaged using
the VWF staining in the hydrogel samples with
HUVEC:sS. In addition, the cell nuclei of the cells, with
and without expressing VWEF, could be observed
indicating that both human and non-human cells
could be clearly identified in the images. As a result,
the HUVECs and mouse cells could be successfully
distinguished based on the images stained with the
VWEF and DAPI fluorescence.

Fig. 6(b) shows the quantitative analysis results
from the collected in vivo fluorescence images. Tube
lengths, defined as total length of the object assuming
that it is a tube within a specific area (1 mm?), were
first calculated. The objects were automatically
identified by the software. The results of the image
analyses of the hydrogels both with cells and without
cells were collected. The plot shows that the total
tube lengths of the FH-Gel and F-Gel with the cells
were approximately 1.2 and 1.8 x longer than those
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of the gels without the cells, respectively. Comparing
with the hydrogels without cells, the tube length in
the FH-Gel was 98.2 % longer than that in the F-Gel.
In addition, the tube length in the FH-Gel with cells
was 55.9 % longer than that in the F-Gel with cells.
The length difference between the without and with
HUVECs in FH-Gel is 32.2 % higher than that in
F-Gel. In summary, the total tube lengths in the FH-
Gel were longer than those in the F-Gel. It was noted
that the result was opposite to that obtained in the
in vitro total-tube-length analysis; however, similar
to the total area variation obtained in the H&E stain
study.

The average tube length, defined as total length
of the object — assuming that it is a tube — divided
by object number, was also analysed for the in vivo
experiments based on the collected fluorescence
images. After the in vivo culture, average tube
lengths in the FH-Gel and F-Gel with cells were
95.7 % and 34.4 % longer than in the gels without
cells, respectively. However, there was no significant
difference between the average lengths obtained from
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Fig. 6. Fluorescence images and quantitative assay of in vivo study. (a) The fluorescence images obtained
from the in vivo experiments, in which the cells were stained with VWEF (red) for human and nuclei (blue) for
human and mice. (b) The quantitative analysis results obtained in the in vivo experiments from the hydrogels
with different compositions. The significantly different results statistically analysed using the analysis of
variance (ANOVA) are designated with different letters (a, b, c, d =p <0.05).

the FH-Gel and F-Gel without cells. The average tube
length of FH-Gel with cells was 47.7 % higher than
F-Gel with cells. In addition, after subtracting the
lengths from those in the hydrogels without cells,
the average length in the FH-Gel was 1.8 x longer
than that in the F-Gel. The trend was similar to that
obtained from the mean-tube-length and total-tube-
length analyses in the in vitro and in vivo experiments,
respectively.

Similar to the tube-thickness analysis for the in
vitro experiments, average tube breadth — calculated
as width of the object assuming that it is a tube then
divided by object number — was also analysed on
the fluorescence images obtained from the in vivo
experiments. Average tube breadth in the FH-Gel
without cells was 17.2 % lower than F-Gel without
cells. FH-Gel with cells was 26.4 % higher than
FH-Gel without cells, but there was no significant
difference between F-Gel and its control gel. The
average tube breadth in the FH-Gel was 6.6 % higher
than F-Gel. FH-Gel was also shown to be 13.6 x higher
than F-Gel after subtracting the control gel values.
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The results had similar trends to the in vitro average
tube thickness analyses.

To study the interaction between the hydrogels
implanted into the mice and the host, cell numbers
were analysed by the software. After the in vivo
culture, nuclei number was counted by the software
in the same way as the cell numbers were determined
in the hydrogel samples. Cell numbers in the FH-Gel
and F-Gel with cells were 9.9 and 6.5 x higher than
those in the hydrogels without the cells, respectively.
After implanting into the mice and 7-day cultures, the
nuclei could be found in both the FH-Gel and F-Gel
without cells samples. The cell numbers in the FH-
Gel were 18.4 % higher than that in the F-Gel without
cells. Moreover, the cell numbers in the FH-Gel were
73.1 % higher than that in the F-Gel. In addition,
after subtracting the cell numbers in the hydrogels
without the cells, the cell number in the FH-Gel with
cells was 81.6 % higher than that in the F-Gel with
cells. The results showed that the cell numbers were
higher in the FH-Gel than in the F-Gel after the i1 vivo
implantation.
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Discussion

The in vitro tube-formation quantitative analysis
revealed an increase of the mean tube length and
average tube thickness during cultivation in both
gels. On the other hand, the total tube length after the
culture was decreased. The results suggested that the
development of vasculature networks mainly relied
on HUVEC morphogenesis in the 3D ECM hydrogel
instead of proliferation. Studies have shown that
fibrin-based hydrogels allow for continually releasing
impregnated growth factors, thus supporting cell
spreading and migration (Brown et al., 1996; Sahni
and Francis, 2000; Sahni ef al., 1998; Wong et al., 2003).
During the process, the cells collectively migrate
toward each other to form VE-cadherin positive
endothelium and further assemble into vessels. The
HMWHA has been reported as an anti-angiogenic
factor inhibiting vascularisation; however, it can
also increase the porosity of fibrin hydrogel and
stimulate the cell migration within the 3D structure
(Genasetti et al., 2008; Hayen et al., 1999; Komorowicz
et al., 2017; Maharjan et al., 2011; Rooney et al., 1995).
In addition, HMWHA can trigger endothelial cell
growth and motility activation (Bourguignon et al.,
2001; Vigetti et al., 2008; Weigel et al., 1988). In the
current study, the differences between the F-Gel
and FH-Gel experiments indicated that the addition
of HMWHA did affect the HUVECs vascularisation
within the 3D matrix. The results showed that the
presence of HMWHA increased mean tube length
and tube thickness instead of total tube length. In
other words, it suggested that the net effect of adding
HMWHA could be the improving of vascularisation
by enhancing the architecture and robustness of the
vasculature rather than its total amount.

In the in vivo experiments, the addition of
HMWHA did promote cell proliferation and
vasculogenesis, as evidenced by the histology with
increased total tube area and cell number, which was
not seen in the in vitro study. This discrepancy could
result from the lack of a wound-repair mechanism,
caused by the implantation procedure and supportive
system from host tissue, in the in vitro study. The
implanting procedures can induce influx of resident
cells that produce cytokines and promote endothelial
cell migration and proliferation (Rollwagen et al.,
1993; Spargo et al., 1994). The recruitment of the
mice cells into the hydrogels could further supply
the cytokines to promote the HUVEC proliferation
within the pre-seeded HUVECsS. In the in vivo study,
the hydrogels without pre-seeding of HUVEC, the
cell numbers in the retrieved FH-Gel was higher
than that in the F-Gel. The higher cell numbers in
FH-Gel with HUVECs may have resulted from the
promoted mouse cell recruitment and the HUVEC
proliferation due to the addition of HMWHA.
HMWHA plays an important role in inducing cell
migration to the wounded site and also interacts with
fibrin to facilitate the wound-healing process (Weigel
et al., 1988; Weigel et al., 1986). HMWHA can also
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stabilise the fibrin hydrogel to prevent fibrinolysis
and provide better mechanical support (Komorowicz
et al., 2017; LeBoeuf et al., 1987; LeBoeuf et al., 1986).
Therefore, FH-Gel facilitated a wound repair reaction
to influx more resident cells and HUVEC proliferation
than F-Gel.

In addition, the promoted cell proliferation and
vasculogenesis may result from additional space
created in the FH-Gel due to HMWHA dissociation. It
has been reported that HMWHA has higher binding
affinity to fibrin than low molecular HA and can form
an IPN structure with fibrin (LeBoeuf ef al., 1986;
Yu et al., 2015). HA networks can be embedded and
distributed within the fibrin with large interconnected
pores. As a result, HA can stably maintain within the
hydrogel and keep its integrity in vitro for more than
2 weeks (Park et al., 2005; Yu et al., 2015). In the in
vivo situation, since the HA is not covalently bound
to fibrin within the hydrogel, HA may be dissociated
from the hydrogels generating additional porosity.
Therefore, the HA dissociation may play a role
making more additional spaces in the FH-Gel than
in the F-Gel, as observed following H&E staining.
This may also explain the discrepancy between
the results obtained from the in vitro and in vivo
experiments. Furthermore, image analysis artefacts
may also be a limiting factor for accurate analysis.
The vessel regions were automatically selected by
the software, and then manually checked after the
selection. However, the presumed vessel space, as
selected by the software, was not simultaneously
labelled as validated with specific vessel markers.
Therefore, the areas attributed to the HA dissociation
and the analysis artefacts may also be included in the
results.

By examination of the fluorescence images
obtained in the in vivo study, the promotion of cell
proliferation and blood vessel network formation can
also be confirmed from the observed increase of total
and average tube lengths. However, the addition of
HMWHA does not greatly affect the tube breadth
following the tube formation. With help of the
HMWHA, the wound healing process accelerates and
recruits more cells into the gel to provide cytokines
(Rollwagen et al., 1993; Spargo et al., 1994; Weigel et al.,
1986). Furthermore, the pre-seeded HUVECs within
the hydrogels can help to deliver positive effects on
further vasculogenesis. The proliferation and vessel
networking of all sources of endothelial cells can be
further accelerated after implantation. For practical
sample handling, the higher elasticity of the FH-Gel
compared to the F-Gel provided better mechanical
stability. Hydrogels with greater elasticity possess
more deformation-resistant ability in response to
flowing blood (Weisel, 2007). The AFM measurement
confirmed that it has about 3.7 x higher average
elasticity than F-Gel resulting from the addition of
HA. As a result, the higher mechanical strength of
FH-Gel makes it more reliable for practical clinical
usage.
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Conclusion

Vasculogenesis within natural fibrin-based hydrogels,
with and without HA supplementation, was studied
using in vitro cell culture and in vivo animal models.
In the in vitro study, the HUVECs were exploited as
amodel cell line to investigate vasculogenesis within
the hydrogels. From the experimental results, the
developed hydrogels with added HA were observed
to promote vasculogenesis in both in vitro and in
vivo models. In addition, the recruitment of the
cells from the host animals also increased when the
hydrogels with HA were implanted, and the HUVEC
embedding could promote the vasculogenesis in
vivo. The material characterisation showed that
hydrogel elasticity was increased by adding HA,
giving the great mechanical strength that is desired
for practical clinical applications. The developed
fibrin-based natural hydrogel provided a foundation
for easy preparation, great biocompatibility and
better vascularisation to overcome the current
challenges and also possesses great potential for in
vivo implantation applications.
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