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ARTICLE INFO ABSTRACT

Keywords: Microvascular injuries can have systemic physiological effects that exacerbate other injuries and pose a danger to

Mlcr_ovascmature life. Reliable in vitro microvascular models are required to enhance understanding of traumatic injuries. This

;r}bvftro model research aims to develop and optimise a three-dimensional (3D) hydrogel construct for the formation and long-
ibrinogen

term stability of an in vitro microvascular model for trauma research.

First, we develop a 3D hydrogel scaffold using a physiologically relevant cell type to enable the formation of a
durable microvascular endothelial network and validate it against the gold standard: HUVECs. Then, we explore
the impact of modifying the hydrogel composition, specifically fibrinogen source and concentration, medium,
and crosslinking ratio, on scaffold material properties and, consequently, the formation of endothelial networks,
their architecture, and long-term integrity.

Our results demonstrate that 3D hydrogel scaffolds are crucial for maintaining network stability beyond the
initial 24 h. For trauma research applications, the material properties and mechanical behaviour of the hydrogels
are critical. Microrheometry revealed that fibrinogen concentration significantly influences gelation times,
absorbance rate, storage modulus (G’), loss modulus (G”), and complex viscosity, while also reducing creep
compliance.

Our multi-pronged approach to engineering microvasculature constructs revealed that variations in hydrogel
composition, including fibrinogen concentration and source, crosslinking ratio and choice of medium, strongly
affect the hydrogel material characteristics and, in turn, the resulting microvascular networks. Hydrogels made
with high concentrations of human fibrinogen, a 200:10:1 crosslinking ratio, and endothelial basal medium
(EBM) or EBM supplemented with VEGF performed best, demonstrating superior long-term network stability.

The microvasculature construct developed here could be used as a potential platform for studying traumatic
injuries, as well as testing interventions aimed at improving recovery and mitigating damage.

Microvascular endothelial cells
3D construct
Traumatic injury

1. Introduction Deeper insights into the mechanisms and processes underlying trau-

matic injuries — such as inflammatory responses and tissue regeneration

Traumatic injuries are a leading cause of death worldwide [1], a
major contributor to long-term functional limitations [2], and can
significantly diminish the quality of life for those affected. The severity
and extent of soft tissue trauma often determine the outcomes of com-
plex injuries [3]. Current understanding of tissue trauma primarily de-
rives from clinical findings, including patient monitoring, trauma
epidemiology, and clinical markers. However, trauma research requires
further understanding beyond clinical symptoms and patient prognosis.

— require reliable research models [4]. There are a number of factors
limiting the understanding of soft tissue injuries, in particular of non-
penetrating ones, including the lack of tools to evaluate the extent of
the damage and the absence of appropriate models of clinical relevance
[3].

Microvascular injuries resulting from trauma can have systemic
physiological effects that can exacerbate other injuries and even
endanger life. In non-penetrating traumatic injuries to soft tissue,
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microvascular perfusion failure and delayed increase in microvascular
leakage [3] are often significant contributors to tissue damage.

The microcirculation is essential for maintaining systemic health,
enabling adequate function and long-term tissue survival, by delivering
oxygen and metabolites to tissues while removing waste products [5].
Microvascular dysfunction has been implicated in numerous diseases;
both communicable as COVID-19 [6] and non-communicable as cancer
[7]. Despite its importance, research into microvascular traumatic in-
juries is surprisingly limited [8], especially in tissues other than the
brain.

Studying the immediate and short-term effects of trauma is inher-
ently challenging. For instance, microvascular traumatic injuries remain
heavily understudied [8], particularly shortly after the trauma has
occurred. While in vivo models address some of these challenges [9,10],
they are constrained by the ethical concerns associated with the un-
necessary pain and stress that the models are subjected to, the physio-
logical differences with humans (e.g., varying microvascular trauma
responses between species [4]), and logistical limitations. Therefore,
there is a need for reliable in vitro models to gain further understanding
of microvascular traumatic injuries and their underlying mechanisms.

Developing such a model, however, is not straightforward. Vascu-
larisation and microvascularisation remain major challenges in the field
of tissue engineering [11,12], which also translates into limitations in
applications beyond disease modelling, such as decellularisation and
recellularisation of tissues and organs for transplantation [13] and the
adequate function and long-term survival of implanted tissues [14].
Without a functional vasculature, engineered tissues have repeatedly
failed [15] and remain limited in size due to reliance on simple diffusion
for oxygenation and nutrient delivery [12,16].

A number of methods have been used to engineer microvessels.
Current strategies often involve bottom-up approaches, where one or
more cell lines are incorporated into a matrix [17,18]. These models can,
and have been, used as platforms to study diseases, growth and
remodelling dynamics [17], and other physiological processes. Cell
culture models have been developed, amongst others, using bioprinting,
where sacrificial inks are used to create perfusable channels [19], and
microfluidic platforms, where new endothelial segments can be perfused
[19]. Within these strategies, the most promising ones provide cells with
a 3D environment aiming to partially mimic the extracellular matrix
(ECM). Such models have been widely used for brain blood barrier [20]
and tumour [21] research, and have been instrumental in advancing
knowledge on the effects of matrix properties on vascularisation [17].

Human Umbilical Vein Endothelial Cells (HUVECs) are extensively
used in microvascular research due to their accessibility and well-
documented ability to form new vasculature [22,23]. However, they
differ from microvascular endothelial cells (MVECs) [24], which are
specifically found in the microvasculature. HUVEC models are well-
characterised [25], widely established, and considered to be a stan-
dard model for cell-based assays [26] to study angiogenesis [23,25,27].
They are particularly prominent in tube formation assays, where they
reliably form networks of tube-like structures. However, HUVEC-based
networks begin to deteriorate around 18 h after seeding and
completely disintegrate within 24 h [28,29], after which time, hypoxia
[30] and the absence of growth factors drive apoptosis [23] and the
networks disintegrate [23,31]. This short lifespan restricts their utility
for longer-term research, such as research involving traumatic injury
induction and evolution monitoring.

To address this limitation, it is critical to develop an in vitro micro-
vasculature model that incorporates physiologically relevant microvas-
cular cells, maintains network integrity beyond 24 h, and features a 3D
structure to provide spatial cues and mechanical attachment points.
Such a model would enable its use for applications in trauma research,
such as the induction of traumatic injuries and facilitate monitoring of
damage progression and the impact of potential interventions over time.

In this research, we address these gaps by developing and fine-tuning
a 3D microvascular construct comprising a hydrogel scaffold embedded

Biomaterials Advances 174 (2025) 214310

with microvascular endothelial cells. The results are structured as fol-
lows: First, we validate the suitability of our MVEC-based construct
using HUVEC-based models as the benchmark. Then, we investigate how
variations in hydrogel composition — specifically fibrinogen concen-
tration and source, medium, and crosslinking ratio — affect the material
properties of the scaffolds and, consequently, the formation, architec-
ture, and longer-term stability of the resulting microvascular endothelial
network. Finally, we integrate these findings to optimise the hydrogel
composition and develop a long-lasting microvascular construct tailored
for traumatic injury research. By focusing on a time frame of up to 14
days post-seeding, we create a platform for traumatic injury research
that allows conducting further experimental work, perform additional
characterisation, and accounts for the degradation time frame of the
hydrogel construct itself.

2. Materials and methods
2.1. Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs; ATCC) and
immortalised Human Dermal Microvascular Endothelial Cells (MVECs;
ATCC, CRL-3243) were cultured in T-75 and T-175 cell culture flasks
(Corning Incorporated Life Sciences, USA) with Endothelial Cell Growth
Medium (EGM). EGM was prepared by supplementing Endothelial Cell
Basal Medium (EBM) with either SingleQuotsl (Lonza, Walkersville,
MD, USA) or Microvascular SingleQuots2 (Lonza, Walkersville, MD,
USA), respectively, and with 1% penicillin/streptomycin (Gibco Life
Technologies, Grand Island, NY, USA). Cells were incubated at 37 °C and
5% CO,, and the medium was replaced every 48-72 h, as needed. The
MVEC cell line was previously immortalised via pSVT vector trans-
fection. Cells were used for experimental work at 80% confluency and
HUVECs were only used up to passage 7.

2.2. Comparing HUVECs and MVECs: morphology & cell migration

To further confirm the morphology similarities between HUVECs
and MVEGCs, cells were cultured in their respective EGM, seeded in glass-
bottom dishes (Ibidi, Germany) at a density of 3 x 10° cells/dish, and
incubated for 24 h before imaging.

2.2.1. Cell migration

The collective cell migration rates [32] of HUVECs and MVECs on
fibrin hydrogels were compared. Hydrogels were prepared as described
in Section 2.3 using bovine fibrinogen at a concentration of 4 mg/ml and
the EBM as medium. Cells were seeded on top of a hydrogel coat at a
density of 2.5 x 10* cells/well (48-well plate). Once confluent, a p200
pipette tip was used to create a scratch wound across the cell sheet,
forming a gap. Cells-only controls for both HUVECs and MVECs were
also prepared, with nine replicates used for each experimental or control
group. Cell migration was monitored for 24 h, during which the gap area
was imaged at various time points and quantified using image analysis
[33]. The average cell migration rates were calculated by dividing the
change in gap area (final minus initial) by the time elapsed since the gap
was created (Eq. (1)).

Migration Rate (um?/h) = Gap Aredyia (#m?) — Gap Aredgua (4m”)

nitial — Final (h)

@

L FBS 2%; hydrocortisone 0.04%; hFGF-b 0.4%; VEGF 0.1%; R3-IGF-1 0.1%;
ascorbic acid 0.1%; hEGF 0.1%; GA-1000 0.1%; heparin 0.1%.

2 FBS 10%; hydrocortisone 0.04%; hFGF-b 0.4%; VEGF 0.1%; R3-IGF-1 0.1%;
ascorbic acid 0.1%; hEGF 0.1%; GA-1000 0.1%
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2.3. Hydrogel fabrication

Hydrogel scaffolds were fabricated and embedded with either
HUVECs or MVECs to create tissue engineering constructs. Several
variations of the hydrogels were explored, arising from different com-
binations of medium, fibrinogen concentration and source, and cross-
linking ratio (Table 1). The hydrogels were prepared using fibrinogen
from either bovine (MP Biomedicals, New Zealand) or human plasma
(Sigma-Life Science; St Louis, MO, United States) at different concen-
trations (2, 4, 6, 8, 10 mg/ml) and with various media: MES/NaCl buffer
(0.15 M NaCl, 2.5 mM MES in distilled water; pH 7.4); EBM; EBM sup-
plemented with Vascular Endothelial Growth Factor (EBM + VEGEF;
Lonza, Walkersville, MD, USA); EBM supplemented with the full Sin-
gleQuot Kit (EGM); or Phosphate Buffered Saline (PBS; pH 7.4; Gibco,
United Kingdom).

Each hydrogel was prepared from its corresponding solution. Briefly,
fibrinogen at the desired concentration was dissolved in the medium and
stored at 37 °C for 30 min or until fully dissolved. The solution was then
filtered twice using 0.22 pm filters (Merck Millipore Ltd., Ireland) and
irradiated with UV light for 20 min. Next, 100 pl of foetal bovine serum
(FBS; Bioclear, United Kingdom) and cells suspended in EBM at the
desired concentration were added. The solution was crosslinked with
thrombin (Sigma-Aldrich, St Louis, MO, United States), previously
diluted to 10 U/ml in MES/NaCl buffer, and a 1 M CaCl, solution in
distilled water. The hydrogel solution was thoroughly mixed to ensure
homogeneity before carefully casting it into the well, avoiding bubble
formation and ensuring an even distribution. Finally, plates were incu-
bated at 37 °C and 5% COg, to complete the gelation process.

2.4. Influence of hydrogel composition on endothelial network:
architecture & integrity

To assess the impact of variations in hydrogel composition on
microvascular network formation, architecture, and degradation, mul-
tiple tube formation assays were performed and characterised at various
time points. HUVECs and MVECs were cultured in their respective EGM
and, once confluent, seeded into a range of hydrogel scaffolds. Varia-
tions in medium, fibrinogen concentration and source, and crosslinking
ratio explored are detailed in Table 1. From this point onwards, EBM was
used to culture the cell-embedded constructs.

Tube formation was monitored at different time points and the
network architecture was characterised using image analysis. Network
characterisation of the endothelial networks included parameters such
as the number of junctions (representing bifurcations), segments (ele-
ments between two junctions) and branches (elements between a junc-
tion and an extremity); the total network length given by the sum of the
length of all segments, isolated elements and branches; and the

Table 1
Summary of hydrogel composition variations explored.

a) MES/NaCl Buffer

b) Endothelial Basal Medium (EBM)

¢) EBM supplemented with 2% w/v Vascular
Endothelial Growth Factor (EBM + VEGF)

d) EBM supplemented with full SingleQuot Kit”
(EGM)

e) Phosphate Buffered Saline (PBS)

Medium

Fibrinogen Concentration a) 2 mg/ml
b) 4 mg/ml
¢) 6 mg/ml
d) 8 mg/ml

e) 10 mg/ml

Fibrinogen Source a) Bovine

b) Human

Crosslinking Ratio (Fibrinogen :
Thrombin : CaCly)

a) 200:10:1
b) 100:10:1
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branching interval, which is the mean distance separating two branches
(total segments length by number of branches) [34]. A schematic of
these architectural elements is presented in Fig. 1. These parameters are
commonly used to characterise microvascular architecture [35],
including in clinical contexts [36], as they provide insights into vessel
connectivity rather than of individual vessel length and diameter, which
are typically analysed through network geometry [37].

2.5. Material characterisation

2.5.1. Gelation time

1 ml of each hydrogel solution were prepared and cast onto a 12-well
plate. The plate was tilted periodically, and the time at which the
hydrogel retained its shape was manually recorded (Fig. S 1). Five
replicates were used.

2.5.2. Spectrophotometry

To gain further understanding on polymerisation dynamics, turbidity
during polymerisation was measured using a spectrophotometer (WPA
Lightwave II UV-Vis) at 340 nm absorbance [38-40]. Wavelengths in
the 320-360 nm range are well-established for fibrin [38,41-44], with
studies reporting maximal optical density differences between poly-
merised and non-polymerised states within this region (e.g., Montero
et al., 2021). Specifically, fibrinogen emission spectra peak within this
wavelength range, reaching the maximum at 344 nm [43] and 340 nm
[38], which has been explicitly reported for absorbance measurements
[38,40]. 600 pl of hydrogel solution were gently deposited into a quartz
cuvette for spectrophotometry readings. The light absorbance of each
medium was measured for zero absorbance calibration, then the
absorbance of the hydrogels was measured at 1-s intervals for 5 min.
Nine replicates were used.

2.5.3. Microrheology and crosslink density

To investigate energy storage and dissipation at the microscale of the
different hydrogel compositions, microrheology studies were conducted
using RheoLab (LS Instruments) with a multi-tau duration of 60s and
echo of 30s. The device was calibrated using distilled water and the
manufacturer’s polystyrene solution, prior to all readings. 50 pl of a 1%
solution of 1 pm polystyrene particle tracer solution (Sigma Aldrich) was
added to 450 pl of each hydrogel solution, mixed, and immediately
placed into a 2 mm thick glass cuvette. After allowing the mixture to
gelate for 1 h (Fig. S 2), the sample was transferred to the device and
equilibrated to 37 °C for 10 min before microrheology readings were
performed. The polystyrene particles were stored at 4 °C when not in
use. Measurements were repeated 24 h after gelation.

To complement the microrheology data, crosslink density (q; Eq. (2))
was calculated using the molecular weight of the monomer (Mw) and the
molecular weight between crosslinks (Mc; Eq. (3)), with the universal
gas constant (R), the absolute temperature (T), and the polymer density
(d) [45].

M,
a= @
RTd
M, = 3)

2.5.4. Hydrogel degradation

Hydrogel degradation profiles were analysed, focusing on the influ-
ence of medium, fibrinogen source, and concentration. Hydrogels were
fabricated using fibrinogen from bovine and human plasma at different
concentrations (2, 4, 6, 8, 10 mg/ml) combined with a range of media
(EBM, EBM + VEGF; EGM; or PBS). 100 pl of each hydrogel solution was
carefully deposited into each well (96-well plate) to avoid bubble for-
mation. Following hydrogel casting, plates were incubated at 37 °C and
5% CO; for 14 days.
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Fig. 1. Constitutive elements of the endothelial network. (A, B) Extremities (yellow arrow) are marked by red dots surrounded in yellow (shown in B1). (A, B)
Nodes (red arrow) represent bifurcations and are identified as pixels that have at least three neighbours. (C, D) Twigs (cyan) are branches smaller than a defined
threshold; segments (magenta) are elements between two junctions (shown in D2); and branches (green) are elements between a junction and an extremity. (E) Some
segments and junctions can be further classified as master segments and master junctions, respectively. Master segments (magenta arrow) are elements located
between by two junctions, neither of which is exclusively associated with a single branch. These junctions, named master junctions (blue arrows), occur where at
least three master segments meet or (shown in E3) where two master junctions merge into a single unique master junction. Master junctions (blue arrows) define the

boundaries of master segments (magenta arrow). Based on [34].

The mass of each hydrogel (n = 3) was measured on days 1, 4, 7 and
14 after casting, carefully removing the hydrogel from the well and
weighing it, discarding the supernatant. After weighing, the hydrogels
were returned to the well and fresh medium was added. The data was
normalised to reflect the relative mass changes over time.

2.5.5. Evaluating hydrogel compositions for long-term microvascular
network integrity

Insights from hydrogel composition analysis and material charac-
terisation informed the selection of optimised hydrogel formulations for
further experimental work, with a focus on long-term network dura-
bility. Additional hydrogel constructs were prepared as described in
Section 2.3, and network development was routinely monitored and
quantified for up to 13 days.

2.5.6. Imaging & image analysis

A widefield microscope (Nikon Widefield TiE2000, Japan), equipped
with an environmental chamber for temperature and CO3 levels control,
was used for imaging. Each well was imaged in its entirety, and all the
images that were not disrupted by the edge of the well were analysed
using ImageJ/Fiji (version 2.14.0, National Institutes of Health,
Bethesda, MD, USA) [46]. Endothelial networks were analysed using the
Angiogenesis Analyser [34] plugin, while cell migration data was pro-
cessed with the Wound Healing Size Tool [33]. Z-stack imaging was
performed using a 20x objective lens. Images were captured in 1 pm
steps, creating a series of optical sections through the hydrogel. Then,
they were processed using ImagelJ/Fiji's Temporal-Color Code plugin to
visualise depth by assigning different colours to each slice, enabling a
clearer interpretation of the 3D structure.

2.5.7. Statistical analysis and software

Data was analysed using one- or two-way analysis of variance
(ANOVA), followed by Tukey's honest significant difference (HSD),
Fisher's least significant difference (LSD), or Dunnett post hoc tests. p

values <0.05 were considered statistically significant. Data analysis was
performed using Excel 365 MSO (version 2403, Microsoft, Redmond,
WA, USA) and GraphPad Prism (version 10.2.3 (403), Dotmatics, Bos-
ton, MA, USA). Unless otherwise specified, results are presented as mean
values with standard deviation. Figures were created using GraphPad
Prism, while the graphical abstract and the gelation process illustration
(Fig. S 1) were created using BioRender.com (agreement numbers:
PQ284GJ5UK & PJ284GIXSG).

3. Results & discussion

The key findings of this research include that MVECs can be used to
provide a rich microvascular network that is more durable than
HUVEGs, the gold standard. Moreover, embedding endothelial cells in a
3D hydrogel construct enables endothelial networks that have a greater
total length and are more complex, including a greater number of seg-
ments, branches and junctions. Furthermore, varying the hydrogel
composition in terms of fibrinogen source and concentration, cross-
linking ratio, and media has an impact on the material properties of the
scaffold, network architecture and long-term network integrity. By
enabling longer-term network durability, this opens avenues for further
experimental work. For example, it facilitates research into microvas-
cular network damage caused by various traumatic injuries, reducing or
eliminating the need for in vivo models.

3.1. Comparing HUVECs and MVECs

Previously, we demonstrated that fibrin hydrogels not only support
the formation of capillary-like networks of HUVECs [47] but were also
the most promising polymer of the ones screened for the development of
an endothelial network construct. However, macrovascular endothelial
cells such as HUVECs differ from microvascular cells in several ways; for
instance, types and amounts of cell adhesion molecules, prostaglandin
secretory profile, and secreted proteins [24,48-50]. Moreover, MVECs
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express specific proteins associated with tight junctions that are required
to regulate capillary permeability [51], which is a key feature of the
microvasculature.

To develop a microvasculature construct that is more physiologically
relevant, we explored fibrin hydrogels for the development of a micro-
vascular construct using MVECs. Here, HUVECs were used as the
benchmark based on their extensive use in research, particularly as
general models for endothelial cells in both diseased and normal con-
ditions [22]. This comparison aimed to validate the suitability of fibrin
hydrogel scaffolds for capillary-like network formation by MVECs.

Prior to the characterisation of endothelial networks created by
HUVECs or MVECs, it was of interest to compare cell morphology whilst
undergoing standard cell culture, as well as cell migration (Fig. 2), to
validate whether MVECs could be used for the development of a
microvascular construct, similarly to the well-established HUVECs,
while offering advantages such as longer retention of expected
morphology and cellular characteristics over multiple passages.

3.1.1. Cell morphology

As shown in Fig. 2A & B, and consistent with the literature, both cell
lines exhibit an elliptical shape with sharp edges, display clear nuclei in
the centre, have an abundant cytoplasm, and are arranged in a typical
cobblestone arrangement [52].

3.1.2. Cell migration

Collective cell migration of HUVECs and MVECs in EBM fibrin
hydrogels and cells-only controls was monitored for 24 h (Fig. 2C & D).
The gap area was measured immediately after its creation and at
different time points throughout the 24 h period (Fig. 2E). Using this
data, the average migration rate, representing the area covered per hour,
was calculated (Fig. 2F). For this calculation, the gap area at t =23 h was
used as the final value as the exact time of gap closure is unknown
(closure occurred between t = 23 h and t = 24 h).

HUVECs displayed a slightly faster migration rate than MVECs, but
this difference was only significant when comparing between controls or
hydrogels. This observation may be associated with the faster formation
and degradation of HUVEC networks compared to MVECs. Similar
methodologies for evaluating cell migration using scratch assays on
hydrogel coatings have been reported [53,54]. These studies often uti-
lise natural biomaterials, as is fibrin, such as collagen [55,56] and
gelatine [57]. Although differences in matrix architecture [58] and
hydrogel mechanical properties [59] can influence cell migration speed,
the choice of cell line plays a more critical role in determining migration
rates than the properties of the scaffold, just as we observed
experimentally.

3.1.3. Endothelial network development & architecture

To assess the suitability of EBM hydrogels for both cell lines, network
formation and architecture were examined over time. Our results sug-
gest that using a 3D hydrogel construct plays a key role in the network
architecture, resulting in more extensive and complex endothelial net-
works in comparison with the controls. The importance of the hydrogel
microenvironment becomes even more pronounced as time progresses,
particularly from 12 h post-seeding onwards (Figs. 3, S 3 & S 4).

The results presented in Fig. 3 highlight significant differences in
endothelial network characteristics between HUVECs and MVECs
cultured in two hydrogel scaffolds (MES/NaCl and EBM) and their
respective controls. These findings underscore the influence of the
hydrogel microenvironment on network formation and complexity.
While there are significant differences in the network architecture be-
tween the cell-embedded hydrogels and the cells-only controls in either
cell line, there are no significant differences when comparing both
controls or both hydrogels. This suggests that MVECs can be reliably
used for the development of a microvascular model as they produce
similar networks to HUVECs when embedded in the same hydrogel
constructs.
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Quantitative analysis revealed that the number of segments and
junctions, as well as the total network length, were consistently higher in
cell-embedded hydrogels compared to their respective controls at both
time points. This demonstrates the ability of the hydrogels to support
enhanced endothelial network formation. Notably, EBM hydrogels
exhibited superior performance compared to MES/NaCl, particularly for
HUVECs but also applicable to MVECs. This was reflected in significant
increases in the number of segments and junctions, as well as a higher
branching interval, indicative of a more complex, interconnected
network. These differences became more pronounced over time, sug-
gesting that EBM hydrogels promote sustained network maturation.

Both hydrogels significantly improved total network length and
reduced branching intervals for MVECs relative to controls, highlighting
their broader applicability for endothelial network formation. These
results suggest that EBM hydrogels provide a superior microenviron-
ment for endothelial network development, particularly for HUVECs,
and offer sustained support for network maturation. Such findings are
critical for advancing the use of fibrin-based hydrogels in tissue engi-
neering and regenerative medicine, where robust and interconnected
endothelial networks are essential for functional constructs.

MES/NaCl hydrogels (Fig. S 3) were used as the starting point for
hydrogel development given that fibrin-based biomaterials often utilise
this biocompatible medium [60]. This data illustrates the benefit of
utilising a 3D hydrogel construct on the network architecture for both
cell lines. Variations in the hydrogel medium, for instance MES/NaCl vs.
EBM (Fig. S 4), reveal that modifying the hydrogel composition impacts
endothelial network architecture.

Our results suggest that EBM hydrogels are better suited for endo-
thelial network formation (Fig. 3), leading to more (HUVECS) or similar
(MVECs) number of segments. However, differences in the number of
branches were less pronounced across cell lines and scaffolds. Interest-
ingly, we see larger variations in the branching intervals than in the
other parameters. This could potentially be attributed to the addition of
new branches or even the disintegration of existing network structures.

To gain deeper insights into endothelial network formation, we
monitored the formation of the HUVEC and MVEC networks over 39 h
using time-lapse imaging (Fig. S 5). This revealed that HUVEC networks
form earlier than MVEC ones, with noticeable differences in the number
of segments, branches, and junctions. While total network length also
increased, the differences were not statistically significant. The hydrogel
scaffolds played a key role in ensuring long-term network stability,
possibly attributed to the provision of a 3D construct and mechanical
support.

The ability of MVECs to form more physiologically relevant networks
compared to HUVECs is further supported by studies demonstrating the
expression of proteins such as claudins and occludins in MVECs, which
are critical for tight junction integrity [78,79]. These proteins ensure
capillary permeability control, a key feature in microvascular constructs
designed for trauma research.

Over time, parameters such as the number of segments, branches,
and junctions increased, while branching intervals generally decreased
in hydrogels. Interestingly, cells-only controls displayed higher
branching larger values at later time points, which microscopy images
confirmed to be due to network fragmentation.

The use of immortalised cell lines, such as MVECs, offers significant
advantages over primary cells like HUVECs, including indefinite pro-
liferation [61], which facilitates reproducibility and reduces batch-to-
batch variations. Immortalised cells retain critical biological features
that are characteristic of the parent cell [62] rather than pooling cells
from multiple donors, as commonly occurs with HUVECs. Therefore,
MVECs appear to be more promising for developing reliable and durable
microvasculature constructs, especially considering for longer term
construct integrity and usability.
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Fig. 2. Comparing human umbilical vein endothelial cells (HUVECs) and Human Dermal Microvascular Endothelial Cells (MVECs). Both (A, B) cell
morphology and (D-F) cell migration were analysed. 10x microscopy images of (A) HUVECs and (B) MVECs; scale bar: 150px. Cells were cultured with their
respective EGM, plated in glass-bottom dishes (cell density: 3 x 10° cells/dish), and incubated for 24 h before imaging. (C-F) Cell Migration of HUVECs and MVECs in
EBM Hydrogels. (C) A gap was created using a p200 tip and imaged throughout a 24 h period. Here, the HUVEC control is shown 0.5 h after the creation of the gap.
(D) Using the Wound Healing Size Tool [33] via ImageJ/Fiji (version 1.54f, National Institutes of Health, Bethesda, MD, USA) [46], the gap area was measured at each
time point. The edge of the gap is automatically identified (blue) by the software. (E) The gap area was then plotted as the percentage of the initial gap area and, from
this data (F) the average migration rate (mm?/h) was calculated. EBM hydrogels were prepared with 4 mg/ml of fibrinogen of bovine source. HUVECs and MVECs
were cultured with their respective EGM and seeded at a density of 2.5 x 10* cells/well (48-well plate). Cells-only controls were used. (One- or Two-way ANOVA/
Tukey's HSD; *p < 0.05; only statistically significant differences are shown; n = 12). Scale bar: 200 pm.
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Fig. 3. Endothelial network characterisation of HUVECs or MVECs in MES/NaCl or EBM hydrogels using bovine fibrin hydrogel (4 mg/ml), at 3- and 4-
days post-seeding. The (A) number of segments; (B) number of branches; (C) number of junctions; (D) total length; and (E) branching interval of each sample were
obtained. Cell-embedded hydrogels (seeding density: 5 x 10* cells/well) were cultured with EBM in 24-well plates. Cells-only controls were used. (2-way ANOVA/

Tukey's HSD; *p < 0.05, ns: not statistically significant; n = 3).

3.2. 3D hydrogel constructs with MVECs enable successful endothelial
network formation

The 3D hydrogel constructs developed in this research effectively
facilitated the formation of endothelial networks (Fig. 4A) using both
HUVECs and MVECs. Modifications to the hydrogel composition influ-
enced the network's architecture and durability, revealing that specific
formulations are more suitable for microvasculature formation. The
HUVEC and MVEC networks were characterised by performing image
analysis (Fig. 4B-G). This data was used to evaluate the impact of
modifying the hydrogel composition (medium, fibrinogen concentration
and source, and crosslinking ratio) on the formation and evolution of the
endothelial networks.

To confirm the three-dimensional nature of the construct, z-stack
imaging illustrated the spatial arrangement of endothelial cells
embedded within the matrix, rather than on the surface of the hydrogel.
MVECs are distributed throughout the hydrogel scaffold, highlighting
the spatial complexity and physiological relevance of the construct
(Fig. S 6). These findings underscore the ability of fibrin hydrogels to
support the development of intricate, 3D microvascular networks.

The development of a stable 3D microvascular network in the
hydrogel scaffold is consistent with findings that emphasise the impor-
tance of 3D matrices in recapitulating physiological microenvironments
[80,81]. The interplay between the fibrin hydrogel's mechanical prop-
erties and cellular behaviour aligns with prior studies highlighting the
role of ECM mimetics in supporting endothelial morphogenesis [82].

From the parameters used to quantify the microvasculature archi-
tecture (Fig. 1), the most important one would be the total network
length as is the most critical indicator of an extensive network. While a
high number of junctions may suggest a more complex network, this
figure should always be evaluated alongside the number of segments
and branches. As for the branching interval, this provides insights into
how the network splits at every junction; therefore, more complex net-
works where multiple branches split from every segment could be more

easily identified.

3.3. Influence of hydrogel composition on endothelial network:
architecture & integrity

Having validated the use of MVECs for the development of the
construct, it was necessary to optimise the hydrogel composition. To this
end, the fibrinogen concentration, medium, and crosslinking ratio were
modified to evaluate their impact on network formation and
architecture.

3.3.1. Impact of variations in fibrinogen concentration and medium

The influence of fibrinogen concentration and medium on the
development of a microvascular network was explored using a range of
fibrinogen concentrations in combination with three medium variations:
EBM, EBM + VEGF and EGM (Figs. 5 & S 7). Higher fibrinogen con-
centrations (6, 8 and 10 mg/ml) across all media variations resulted in
longer networks compared to the controls, particularly at later time
points. At lower concentrations, EBM hydrogels produced networks
comparable to controls, with the 4 mg/ml concentration hydrogels
contributing to slightly lengthier networks at 24 h.

All but two fibrinogen concentrations and the control have a similar
total network length across the three media at 24 h. On the other hand,
both 4 and 6 mg/ml display the largest variations between media and
time points. This suggests that the hydrogel scaffolds play a greater role
in the later stages of network formation than in the first few hours.
Finally, as expected, there are significant increases between 2 h and 24 h
across all variations. This further validates the growth of the micro-
vascular network over time, which was also observed in preliminary
experimental work.

Network characterisation (Fig. 5) revealed an increase in the number
of segments, branches, and junctions over time, with most hydrogel
formulations outperforming controls. This further supports the postu-
lation that fibrin hydrogels are suitable for endothelial network
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Fig. 4. Characterisation of endothelial networks. (A) Representative image depicting endothelial network formation. Here, an MVEC network in an EBM hydrogel
with fibrinogen from human plasma at a concentration of 8 mg/ml and a 200:10:1 fibrinogen : thrombin : CaCl, crosslinking ratio, imaged 7 days post seeding, is
shown. Cell seeding density: 2 x 10* cells/well (96-well plate). (B-G) Network characterisation was performed via image analysis, depicting the various steps
involved: (A) the original microscopy image with a 100 pm scale bar; (B) the markup of the network tree on the original image; (C) the binary tree image indicating
the artefactual loops (blue) to be removed; (D) the resulting master binary tree; (E) the analysis of the binary tree depicting the detected vectorised elements:
extremities (red dots with yellow border), branches (green), segments (magenta), twigs (light blue), junctions (red dots with blue border), and segments (yellow); (F)
extremities (red dots with yellow border) and junctions (red dots with blue border) indicated on the binary tree; and (G) the detected vectorised objects on the
original image. The scale bar was removed during the image analysis process to prevent its inclusion in the network analysis. Images were analysed using ImageJ/Fiji
(version 1.54f, National Institutes of Health, Bethesda, MD, USA) [46] and the Angiogenesis Analyser [34] plugin.
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Fig. 5. Impact of variations in fibrinogen concentration and medium on microvascular endothelial network architecture, showing MVEC network char-
acterisation by fibrinogen concentration and medium at 2, 6 and 24 h. The number of (A) segments, (B) branches, (C) junctions, and the (D) branching interval were

quantified. Hydrogels were created with bovine fibrinogen. MVECs were cultured with EGM and seeded at a density of 2.5 x 10* cells/well (48-well plate). Cells-only
controls were used. (ANOVA/Tukey's HSD; n = 3).
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development. At 24 h, EBM hydrogels are associated with more seg-
ments, branches and junctions than the control, except for the 2 mg/ml
concentration which displays a similar architecture to the networks of
the controls. EBM + VEGF hydrogels consistently displayed more seg-
ments than controls. On the other hand, the branching interval does not
exhibit discernible patterns across time points or hydrogel compositions.
This could potentially be attributed to either further development of the
network or its fragmentation, making this parameter less reliable for
identifying optimal hydrogel compositions.

Combining total network length with architectural metrics suggests
that higher fibrinogen concentrations across all three media enable the
formation of larger networks. The observed improvements in network
formation with higher fibrinogen concentrations may be attributed to
enhanced matrix stiffness [83], which impacts endothelial cell self-
organisation [84], vascular integrity [85], and vessel permeability
[86]. Furthermore, increased matrix stiffness has been shown to pro-
mote endothelial tubulogenesis and network complexity. This is
particularly relevant in trauma research, where matrix properties can
influence angiogenic responses during wound healing and regeneration.
Considering that the fibrinogen concentration of 4 mg/ml delivers
promising results at the later time points, it would be interesting to
explore a slightly higher concentration to determine whether 4 mg/ml is
the lowest threshold enabling a more complex capillary-like network.

3.3.2. Impact of variations in crosslinking ratio

Two crosslinking ratios of fibrin, thrombin and CaCl; (200:10:1 and
100:10:1) were selected based on the results of the evaluation of
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hydrogel consistency and shape retention twelve days after casting and
1 h after demoulding (Supplementary Materials A 1), as they exhibited
good shape retention and consistency. These ratios were tested to
evaluate their impact on the development of capillary-like networks
formed by HUVECs and MVECs. The total length of the resulting net-
works was quantified hourly from 0.5 h after seeding hourly, for 4 h
(Figs. 6 & S 8). Crosslinking ratios play a key role not only in network
development and integrity, but also in hydrogel consistency and scaffold
shape retention. Crosslinking ratios have a greater impact on hydrogel
consistency than fibrinogen concentration or the selection of medium.

Our results also revealed that using fibrinogen 20x or 10 x relative to
thrombin improves scaffold shape retention. Networks formed in
200:10:1 hydrogels exhibited steady growth over time (Fig. S 9), out-
performing the 100:10:1 ratio in supporting longer and more stable
networks. This ratio also improved scaffold shape retention and con-
sistency, critical factors for long-term network durability. Interestingly,
there seem to be two clusters at the earliest period: (1) the EBM cells-
only control and the two highest fibrinogen concentrations, and (2)
the cells in EGM control with the two lower concentrations. There is also
a change from 5.5 h onwards, where the total network length of the 10
mg/ml concentration significantly increases. We can also observe
notable increases in the remaining concentrations within the time frame
of 6.5 to 9.5 h.

MVEC networks display a less defined pattern, particularly within
the initial 18 h, which represents the primary phase of network growth,
as shown in previous experimental work. By the end of this period, all
hydrogel compositions with a 200:10:1 ratio, as well as most (except for
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Fig. 6. Impact of Variations in Crosslinking Ratio on Microvascular Endothelial Network Architecture, displaying total MVEC network length by fibrinogen :
thrombin : CaCl; crosslinking ratio, quantified every hour during a 24.5 h period. Two crosslinking ratios were explored: (A) 200:10:1 and (B) 100:10:1. Hydrogels
were created using fibrinogen from human serum at different concentrations, paired with EBM as medium. MVECs were cultured with EGM and seeded at a density of
2 x 10* cells/well (96-well plate). Two cells-only controls, in EBM and EGM, were used. Here, the controls and the 4 and 10 mg/ml concentrations are shown.

(ANOVA/Tukey's HSD; p < 0.05; n = 6).
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8 and 10 mg/ml) of those with a 100:10:1 crosslinking ratio, reach a
total network length in the 20,000-40,000 pixels range. Similar results
are obtained when quantifying HUVEC networks, further reinforcing the
suitability of the MVEC line for endothelial research.

However, it is noteworthy that despite control networks having a
total length in the higher end of the range, they become extremely
fragmented by the end of the period, unlike the networks embedded
within 3D hydrogel constructs. This highlights the critical role of 3D
scaffolds in maintaining long term network integrity. Relying solely on
total network length to determine the optimal hydrogel composition has
limitations. Additional insights should be derived from other parameters
used to characterise the network architecture, which will be addressed
in future work. Further work exploring particular pairings of cross-
linking ratios and media will enable further refinement of the hydrogel
composition.

3.3.3. Impact of variations in medium

Having refined the fibrinogen concentration (6, 8 & 10 mg/ml), the
next step was to investigate the optimal pairings with different cross-
linking ratios (100:10:1 or 200:10:1) and media (EBM, EBM + VEGF, or
PBS). Over a 24 h period, the number of segments and total network
length (Figs. 7 & S 10) were quantified.

EBM hydrogels are associated with a lower number of segments than
their EBM + VEGF and PBS counterparts, but this was not statistically
significant. This trend was particularly noticeable in higher fibrinogen
concentrations and, even more so, in the 200:10:1 crosslinking ratio.
Within the same medium, there are no significant differences between
crosslinking ratios, although the data distribution appeared to be
slightly higher for the 200:10:1 ratio. The addition of VEGF to the me-
dium did not consistently yield significant improvements in network
stability, suggesting that EBM may be preferable for simplicity and
reproducibility.

Within the same hydrogel composition, the number of segments re-
mains relatively stable, except at the 24 h time point, where a decrease
was observed in all hydrogel formulations. This could potentially be
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attributed to either the growth of each individual segment or to partial
network disintegration.

In terms of total network length, EBM hydrogels displayed less
variation across ratios and fibrinogen concentrations compared to EBM
+ VEGF and PBS hydrogels. The 8 mg/ml concentration in both ratios
showed an interesting pattern, forming the largest network in the EBM
group at most time points, but with a noticeable decrease at 24 h. A
similar pattern was observed in the 10 mg/ml EBM + VEGF hydrogel
and four of the PBS hydrogels (8 and 10 mg/ml for both ratios).

Interestingly, lower concentrations of 100:10:1 EBM + VEGF
hydrogels exhibited an interesting progression, with total network
length decreasing up to 5.5 h, followed by a steady increase until 24 h.
The control also exhibits a different pattern, remaining relatively stable
throughout the entire period.

3.4. Material characterisation

Material characterisation provided insights into the impact of
hydrogel composition on polymerisation dynamics and mechanical
properties. This approach was conducted to better understand how
hydrogel composition influences microvascular network formation and
integrity, as well as to allow the fine tuning of the scaffold to better
replicate tissue-specific microenvironments. This included analysing
gelation time, spectrophotometry, microrheology (Fig. 8) and hydrogel
degradation (Fig. 9). In addition to deepening our understanding of how
modifications to the hydrogel composition affect its material properties,
this approach could enable fine-tuning of the construct to better repli-
cate specific tissues. For example, it could be tailored to simulate soft
tissues like skeletal muscle, creating a more relevant and accurate
model.

3.4.1. Gelation time

Investigating the role played by gelation time is relevant for tissue
engineering constructs given its impact on the overall structural and
functional properties, mechanical stability [63], cell viability [64], and
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Fig. 7. Impact of variations in medium and crosslinking ratio on microvascular endothelial network architecture. (A, C) Number of segments and (B, D) total
MVEC network length by medium and crosslinking ratio (fibrinogen : thrombin : CaCl,) during a 24 h period, as a fold expansion of their respective controls.
Hydrogels were created using fibrinogen from human serum at a concentration of 10 mg/ml in different media (EBM, EBM + VEGF, or PBS) and a crosslinking ratio
of either (A, B) 200:10:1 or (C, D) 100:10:1. MVECs were cultured with EGM and seeded at a density of 2 x 10* cells/well (96-well plate). Cells-only controls were

used. (ANOVA/Tukey's HSD; p < 0.05; n = 12).
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Fig. 8. Material characterisation of the 3D hydrogel constructs, depicting (A, B) gelation time, (C, D) spectrophotometry, (E-G) microrheology and crosslink
density. Average gelation times (s) by hydrogel. (A) EBM hydrogels created with different concentrations of human fibrinogen. (B) Hydrogels with the same
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(ANOVA/Tukey's HSD and 2-way ANOVA/Tukey's HSD; p < 0.05; n = 5). Spectrophotometry absorbance plots showing the normalised change in 340 nm light
absorbance for 4.5 min. (C) EBM hydrogels created with human fibrinogen at different concentrations. (D) Human fibrin hydrogels (10 mg/ml) created with EBM,
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Fig. 9. Degradation of hydrogel scaffolds by fibrinogen source, concentration, and medium during a period of 14 days. Hydrogel scaffolds were created
using fibrinogen from (A, C, E, G) bovine or (B, D, F, H) human serum in (A, B) EBM, (C, D) EBM + VEGF, (E, F) EGM, or (G, H) PBS. Each hydrogel scaffold was
created by casting 100 pl of a hydrogel solution per well (96-well). (ANOVA/Tukey's HSD; p < 0.05; n = 3).

vascular network formation [65]. Gelation time is also key to ensure
optimal cell distribution by balancing sufficient gelation time to allow
for uniform cell distribution and avoiding cell aggregation and uneven
cell densities.

Higher fibrinogen concentrations significantly reduced gelation
times (Fig. 8A). For example, a five-fold increase in human fibrinogen
concentration (EBM hydrogels) decreased gelation time by 1.84-fold
(Fig. 8A). Additionally, gelation times were influenced by the fibrin-
ogen source and medium. For instance, human fibrinogen hydrogels
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gelled slower than bovine ones at the same concentration; while EBM
significantly decreases gelation times compared to PBS but significantly
increases it compared to EGM when using the same medium (Fig. 8B).

The increase in fibrinogen concentration in hydrogels of the same
fibrinogen source and medium results in shorter gelation times. As
exemplified by EBM hydrogels with human fibrinogen, a fivefold in-
crease in fibrinogen concentration is associated with a 1.84-fold
decrease in gelation time.

Maintaining the fibrinogen concentration unchanged (10 mg/ml;
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Fig. 8B), we observe that when using human fibrinogen and the same
medium (EBM, EGM or PBS), gelation times decrease in comparison
with hydrogels made with bovine fibrinogen. The medium also plays a
role in gelation times. For instance, within the same fibrinogen con-
centration (10 mg/ml) and source (bovine), PBS hydrogels have signif-
icantly longer gelation times compared to EBM, which are also
associated with significantly longer gelation times than EGM.

3.4.2. Spectrophotometry

Spectrophotometry provided valuable quantitative insights into
hydrogel consistency and shape retention, including gelation kinetics
[66] and concentration profiles [67]. Similarly to gelation times, spec-
trophotometry data can be used to inform hydrogel formulation to
achieve uniform cell density throughout the construct. Here, we
measured the normalised change in 340 nm light absorbance during 4.5
min (Fig. 8C & D) and up to 20 min (Fig. S 11).

Data from human fibrin EBM hydrogels revealed that increasing
fibrinogen concentration led to greater absorbance, especially from 1
min onwards. The differences between hydrogel concentrations became
more pronounced over time, with an average absorbance difference of
0.2662 between 2 and 10 mg/ml at 4.5 min (6.58-fold increase). High
fibrinogen concentrations also exhibited a greater rate of change in
absorbance (dA/dt), whereas lower concentrations showed a noticeably
smaller rate of change, particularly after 2 min. The choice of medium
also influenced absorbance. PBS consistently had lower absorbance
compared with EBM or EGM hydrogels of the same concentration and
fibrinogen source. Interestingly, absorbance differences between EBM
and EGM hydrogels were minimal until 2.5 min, after which the rate of
change increased, particularly after 5 min (Fig. S 11).

Turbidity measurements of fibrin gels provided estimates of the mass
per unit length of fibrils in the hydrogel [68], allowing for approxima-
tion of fibre size and density based on the incident light wavelength
measured [69]. Greater turbidity, reflected by higher absorbance, in-
dicates a greater mass per unit length of fibrils and a denser gel
structure.

Both gelation times and spectrophotometry provide insights into the
polymerisation dynamics of hydrogels, which influence their micro-
structure and material properties. As reported by Allan [40], increasing
fibrinogen concentrations enhances network development, as supported
by the shortened gelation times and increased rates of absorbance with
time observed here. Thus, hydrogels with higher fibrinogen concentra-
tions were denser at any time point, aligning with Carr's findings that
using higher concentrations shortens the time to reach the critical
gelation point and, therefore, have a shortened gelation time [68].

Regarding network formation, the increased absorbance rate in
higher fibrinogen concentrations may be attributed to an elevated
monomer supply rate [40]. Since thrombin volume remained unchanged
across all formulations, these results suggest that the reaction rate in
these hydrogel formulations is not limited by thrombin availability.

3.4.3. Microrheology and crosslink density

Fibrinogen concentration emerged as the primary factor driving
changes in the storage modulus and crosslinking density, displaying a
positive relation with their logarithmic values (Fig. 8E-G). Crosslink
density calculations used the following values: polymer density for
fibrinogen [70]: 1395 g/crn3; molecular weight: 340 kDa (bovine
fibrinogen [70]) and 342 kDa (human fibrinogen [71]); and G' at 100
rad/s as an approximation to the plateau value.

Microrheology characterisation revealed similar findings, with
fibrinogen concentration having the greatest impact, followed by the
fibrinogen source. The storage modulus (G'), loss modulus (G"), complex
shear modulus (G*), complex viscosity (1*) and creep compliance 1 h
after gelation were obtained for hydrogels with varying fibrinogen
concentrations and hydrogels with a 10 mg/ml fibrinogen concentration
of bovine or human source (Fig. S 12).

Increasing fibrinogen concentration significantly impacted the
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microrheological properties, leading to higher G, G’ and complex vis-
cosity while decreasing creep compliance. For example, at 100 rad/s, an
increase in fibrinogen concentration from 2 to 10 mg/ml resulted in a
29-fold rise in G, an 8-fold rise in G’, an 18.7-fold rise in complex vis-
cosity, and a 27-fold reduction in creep compliance.

Hydrogels created with different media but at the same fibrinogen
concentration (10 mg/ml) displayed similar trends across parameters,
with some medium-dependent differences. For instance, PBS paired with
human fibrinogen exhibited a lower G" minimum compared to its bovine
counterparts. EGM hydrogels displayed a slight increase (<10%) in G,
G" and complex viscosity and a decrease in creep compliance compared
to EBM hydrogels. After 24 h, PBS hydrogels were the only variation
displaying statistically significant differences in the parameters: increase
in G/, G’ and complex viscosity, and decrease in creep compliance.

The fibrinogen source also influenced microrheological properties,
with bovine and human fibrinogen exhibiting similar trends in G*,
complex viscosity, and creep compliance. However, differences were
observed at extreme high and low frequencies for G’ and G’. In EBM
hydrogels with the same fibrinogen concentration, bovine fibrinogen
produced a slight increase in G' (<10%), a decrease in G’, and an in-
crease in complex viscosity and creep compliance compared to human
fibrinogen. PBS hydrogels also exhibit some differences when
comparing different fibrinogen sources: lower G’ and G”, higher complex
viscosity, but similar creep compliance.

After 24 h, the microrheological properties of the hydrogels exhibi-
ted subtle changes. EBM hydrogels with bovine fibrinogen showed
higher G/, G’ and compliance but lower viscosity compared to human
fibrinogen hydrogels. Conversely, PBS hydrogels exhibited higher G' and
G" with bovine fibrinogen, but, unlike EBM hydrogels, demonstrated
increased viscosity and reduced creep compliance relative to human
fibrinogen.

3.4.4. Hydrogel degradation

Hydrogel scaffold degradation was monitored over 14 days (Fig. 9),
with 96.67% of samples fully degrading by the end of the period. Only
three bovine and one human fibrin hydrogels in EBM did not entirely
degrade, but their mass significantly decreased to 1.72-13.81% of their
initial values.

Data analysis tested linear, exponential, and polynomial trend lines
were trialled to describe degradation patterns. The second order poly-
nomial fit provided the highest R2 value across all samples, significantly
outperforming linear fits. This indicates faster degradation in the initial
days, followed by slower degradation rates towards the end of the
period. Here, the exponential degradation curves suggest hydrolysis as
the likely degradation mechanism. Further experimental work con-
ducted at shorter intervals and with an increased number of repeats are
required to confirm this.

Lower concentrations of fibrinogen generally degraded faster, with
some exceptions. For instance, the 10 mg/ml human fibrinogen in EBM
and in EGM degraded faster than the 6 and 8 mg/ml. Across the same
fibrinogen source, hydrogels with EBM + VEGF or PBS degraded faster
than those with EBM or EGM. In most cases, human fibrin hydrogels
degraded slower than their bovine counterparts, particularly in EGM
and PBS media.

These findings align with the literature, showing that mass, including
of fibrin samples, decreases by day 7 [72]. The degradation rate is
crucial for tissue engineering constructs, balancing scaffold breakdown
with cell growth. Rapid degradation can lead to the loss of mechanical
attachment points for cells and, consequently, impairs cell growth. On
the other hand, too slow degradation can lead to cell crowding and death
[39].

Our experimental results indicate that higher fibrinogen concentra-
tions degrade more slowly. Similar findings have been reported and
could be attributed to increased crosslinking density and mechanical
strength, which have greater resistance to enzymatic degradation [73].
Degradation rates also vary across media, influenced by solubility,
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structural integrity, f-chain crosslinking, and interaction with proteins
and organic molecules [74]. As such, modifying the fibrinogen con-
centration and, to a lesser extent, changing the media impact the
degradation rate.

These factors underscore the importance of fibrinogen's biochemical
properties and crosslinking mechanisms in determining scaffold stability
and degradation behaviour. Fibrinogen crosslinks with thrombin
through thrombin-mediated proteolytic cleavage, forming protofibres
and mature fibres that grant both biochemical and mechanical stability
[75]. Therefore, the crosslinking mechanism that the fibrin hydrogels
undergo enables the scaffolds to display good stability, which is para-
mount for long term tissue engineering applications. Our results suggest
that hydrogels with higher fibrinogen concentrations in EBM, EBM +
VEGF (human fibrinogen only), and EGM degrade more slowly, making
them better candidates for microvasculature constructs by maintaining a
stable mechanical support structure for embedded cells.

3.5. Developing a microvascular construct for long-term network integrity

Considering that fibrinogen from both bovine and human plasma
source can produce 3D hydrogel scaffolds that enable endothelial
network formation, human fibrinogen was selected to preserve species
specificity with the cell line. Hydrogels embedded with MVECs were
evaluated over 13 days (Fig. 10) to gain further insights into capillary-
like network development and architecture. Embedding MVECs into
3D scaffolds supported long-term network stability and enabled shape
retention for at least 13 days post-seeding (Fig. 10G), demonstrating
usability well beyond the 18-24 h period of standard HUVEC-based
models [28-31].

The microvascular networks were imaged and characterised over 53
h (Figs. 10A & B and S 13), showing that hydrogel constructs sustained a
stable network after the first 11 h, with increasing number of segments
and total network length, unlike the controls, which exhibited network
degradation from 24 h onwards. Notably, network formation and
disintegration occurred more rapidly in the absence of hydrogels, which
could potentially suggest that both of these processes happen at an
accelerated pace when there are no 3D structures supporting the endo-
thelial networks, highlighting their role in supporting durable networks.

The trends exhibited in the number of segments and the total
network length are remarkably similar, suggesting that the increasing
segment count reflects network growth rather than disintegration into
independent segments. At the last time point, all hydrogel constructs
supported longer microvascular networks and with more segments than
the controls, with one exception (2 mg/ml EBM hydrogel). This may
result from the natural progression of network formation followed by
fragmentation [23], as exhibited by both HUVECs and MVECs. As pre-
viously observed and further supported by the literature [23,28,29,31],
HUVEC networks disintegrate towards the end of the first 24 h when
unsupported by a scaffold. Similarly, MVECs undergo the same process
later, leading to network breakage by day 2.

In EBM hydrogels, segment numbers stabilised after 11 h, with
higher fibrinogen concentrations associated with longer networks and
more segments. A similar trend was observed in EBM + VEGF hydrogels,
though more clearly at 53 h. Within this group, the 10 mg/ml concen-
tration produced the longest network and the greatest number of seg-
ments, except at 3.5 h. This suggests that this hydrogel composition is
particularly well-suited for microvascular network formation and
growth. Furthermore, EGM constructs exhibited more consistent
behaviour across different fibrinogen concentrations, particularly
within the initial 24 h, compared to EBM or EBM + VEGF hydrogels.

VEGF, known to upregulate endothelial nitric oxide synthase pro-
duction, is crucial for regulating and maintaining healthy vasculature,
and can aid in limiting tissue injury [76]. Additionally, VEGF has
demonstrated significant protective effects, including improved endo-
thelial preservation, survival time prolongation, and increased survival
rates [77]. These findings align with the experimental results, suggesting
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that the use of EBM + VEGF as a medium in hydrogel constructs may
enhance the long-term integrity of microvascular networks.

Longer term network characterisation (Figs. 10C & D and S 14)
further highlighted the essential role of 3D scaffolds. Controls exhibited
significantly lower segment numbers and shorter network lengths
compared to EBM and EBM + VEGF hydrogels. EGM hydrogels, on the
other hand, produced poorer results than the hydrogels created with
other media. EBM and EBM + VEGF performed comparably, supporting
longer networks than EGM scaffolds. For both EBM and EBM + VEGF,
higher fibrinogen concentrations generally produced longer networks,
though increasing concentrations beyond 6 mg/ml yielded no signifi-
cant additional benefit in network architecture.

Networks were monitored for up to 13 days to assess stability
(Figs. 10E & F and S 15). The controls, as expected, exhibited a
noticeable decrease of network length from day 4 to day 13, likely due to
insufficient mechanical support for 3D network development. While
hydrogels also showed some reduction in network length, the effect was
significantly less pronounced.

PBS hydrogels proved suboptimal for network preservation, as total
network length remained relatively stable between days 6 and 13, but
was consistently lower than other hydrogel groups. This may be
attributed to the absence of specific EBM components necessary for a
conducive microvascular environment, beyond the media used to cul-
ture the cell-embedded hydrogels.

Both EBM and EBM + VEGF hydrogels supported more stable MVEC
networks. Despite a noticeable network length reduction from day 4 to
day 6, three fibrinogen concentrations at 200:10:1 ratio of EBM
hydrogels remain at similar lengths until the end of the period. Inter-
estingly, the 6 mg/ml concentration in EBM and EBM + VEGF at
100:10:1 hydrogels showed a unique trend: an initial reduction in length
followed by an increase between days 6 and 14, which was significant
only in the EBM + VEGF hydrogels.

Finally, the 8 and 10 mg/ml concentrations at 100:10:1 ratio of EBM
and EBM + VEGF maintained relatively stable networks up to day 7
(EBM) or day 14 (EBM + VEGF). This suggests that higher fibrinogen
concentrations combined with a 200:10:1 crosslinking ratio produced
the most robust networks and thus provide a more suitable 3D envi-
ronment for long-term microvascular network stability.

The stability of MVEC-based constructs observed over 13 days cor-
relates with findings that hydrogel scaffolds with optimised stiffness and
biochemical cues can support endothelial functionality [87]. This is a
key consideration for trauma models, where long-term observations of
microvascular injury and repair processes are critical.

Based on the results, five compositions emerged as the best candi-
dates for forming the longest networks and with the best integrity
preservation at 4-, 5- and 6-days post-seeding. Interestingly, these were
the highest fibrinogen concentrations in EBM (6, 8 and 10 mg/ml) and
EBM + VEGF (8 and 10 mg/ml). These hydrogels shared similar archi-
tecture between them, making them the most promising candidates for
developing microvasculature constructs.

It can be argued that, since EBM + VEGF hydrogels did not
demonstrate significant advantages in preserving network integrity
compared to EBM hydrogels, the latter may be preferable for developing
3D microvascular constructs due to their comparable performance and
simpler formulation.

3.6. Impact of hydrogel composition on network architecture and material
characteristics: key results

Based on the experimental results obtained in this research, a sum-
mary table (Table 2) was created to outline the impact of the different
elements of the hydrogel composition — such as medium, fibrinogen
concentration, source, and the fibrinogen : thrombin : CaCl; crosslinking
ratio — on both material properties and network architecture.
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Fig. 10. Optimisation of a microvascular construct for long-term network integrity. Characterisation of MVEC networks embedded in 3D hydrogel scaffolds,
quantified throughout (A, B) 53 h, (C, D) 6 days, and (E, F) 13 days depicting (A, C, E) number of segments and (B, D, F) total network length. Hydrogels were created
using fibrinogen from human serum at different fibrinogen concentrations (2-10 mg/ml), media, and crosslinked at (A-E) 200:10:1 or (F) 100:10:1 ratio (fibrinogen :
thrombin : CaCl,). The data from EBM hydrogels is shown here, while the data related to EBM + VEGF and EGM hydrogels is available in Figs. § 13, S 14 & S 15.
MVECs were cultured with EGM until hydrogel casting, after which they were cultured with EBM. Cells were seeded at a density of 1.5 x 10* cells/well (48-well
plate); (C, D) 5.25 x 10* cells/well (24-well plate); or (E, F) 2 x 10* cells/well (96-well plate). Cells-only controls were used. (A, B) (ANOVA/Tukey's HSD; p < 0.05;
n = 30); (C, D) (ANOVA/Tukey's HSD; p < 0.05; seven random images per sample, n = 15); (E, F) (ANOVA/Dunnett; p < 0.05; n = 6). (G) Photograph of 3D construct
captured at 13 days after seeding. Here shown is an EBM hydrogel created with human fibrinogen at a concentration of 10 mg/ml and crosslinked at a ratio of
200:10:1 (fibrinogen : thrombin : CaCly).
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Table 2

Biomaterials Advances 174 (2025) 214310

Summary of the impact on microvascular endothelial cell (MVEC) network architecture and material characteristics of variations in the hydrogel composition.

Factor Impact on Network Architecture

Impact on Material Characterisation

EBM vs. MES/NaCl:

— Longer networks.

— More segments, branches and junctions.
— Higher branching interval.

Medium

— Better network integrity at 3- and 4-days post-seeding.

EBM vs. EGM:
— Greater total network length.
— EBM vs. EBM + VEGF and PBS.

— Less variability in total network length across ratios and fibrinogen

concentrations.
EBM & EBM + VEGF vs. EGM:
— More segments.

— Greater total network length at 4-, 5- and 6-days post-seeding.

EBM & EBM + VEGF:

— When paired with high fibrinogen concentrations, can preserve network .

integrity for up to 13 days post-seeding.

PBS vs. EBM:

— Longer gelation times.

— Lower absorbance (in human fibrin hydrogels).

— Faster degradation.

EBM vs. EGM:

— Longer gelation times.

— Greater absorbance of human fibrin hydrogels (< 3
min).

— Hydrogels are slightly softer, more flexible, more easily
deformable, and have a lower resistance to shear
forces.

PBS vs. EGM:

— Lower absorbance (in human fibrin hydrogels).

— Faster degradation.

PBS:

— Faster gelation.

— Hydrogels are more viscous.

EBM + VEGF:

— Faster degradation than EBM or EGM hydrogels.

Fibrinogen Concentration Higher fibrinogen concentration:

— Greater total network length.

Higher fibrinogen concentration:

Faster rate of fibrin network development: a 5x
increase in concentration leads to 1.84x decrease in
gelation time.

Denser hydrogels.

The deformation response is stiffer and more elastic:
5x increase in concentration leads to a 29x increase in
G.

Slower degradation rate.

Fibrinogen Source

construct with enhanced biocompatibility

Both bovine and human fibrinogen enable the formation of endothelial networks.
Pairing human fibrinogen with human cells permits species compatibility between
the construct components, which can lead to a more physiologically relevant

Bovine vs. Human Fibrinogen:

— Longer gelation times.

Faster degradation.

Hydrogels exhibit similar microrheology patterns,
except for G’ and G” at extreme high and extreme low
frequencies.

Paired with PBS, results in less rigid and more viscous
hydrogels.

Paired with EBM, has enhanced mechanical stability
and greater strength.

200:10:1 vs. 100:10:1 ratio:
— Greater number of segments.
— Longer networks.

Crosslinking Ratio
(Fibrinogen : Thrombin :
CaCly)

200:10:1 vs. 100:10:1 ratio:
— Slower gelation.

4. Conclusion

The microvasculature construct developed here aims to provide a
more physiologically relevant model for trauma research, featuring a 3D
structure, microvascular cells, and long-term endothelial network
integrity. MVECs can create more durable endothelial networks than
HUVECs, which are often considered the gold standard. When
embedded in a 3D hydrogel construct, MVECs can form extensive and
complex networks that are stable for a prolonged period of time, making
these constructs a valuable tool for traumatic injury research.

Modifications to the hydrogel composition — specifically the source
and concentration of fibrinogen, the crosslinking ratio, and the medium
— affect the material properties of the scaffold, the network architecture
and its long-term integrity. Through optimisation, it was found that
hydrogels using human serum-derived fibrinogen at higher concentra-
tions (>6 mg/ml), crosslinked at a ratio of 200:10:1 (fibrinogen :
thrombin : CaCly), and with EBM as the medium, are particularly well
suited for maintaining the stability of microvascular endothelial net-
works. In the long term, these compositions exhibited slower degrada-
tion rates, shorter gelation times, enabled longer networks with more
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segments and branches, and maintained the network integrity for at
least 13 days post-seeding.

Further work, for instance, immunofluorescence staining of the
microvasculature constructs will be beneficial to further validate the
microvascular phenotype through, for example, CD36, as well as
advanced characterisation of 3D vascular networks using confocal mi-
croscopy. It would also be useful to monitor the evolution of material
properties during gelation as this could help gain a further under-
standing of the mechanical properties of the hydrogel scaffolds as they
are formed. Also, material characterisation of cell-embedded hydrogels
would be valuable to assess the impact of cell loading and microvascular
network formation on scaffold properties.

As for the applications of the 3D hydrogel construct embedded with a
microvascular endothelial network developed here, future work will use
this to study a range of traumatic injuries. In the long term, this
microvasculature construct could have applications beyond contrib-
uting to a further understanding of the mechanisms of trauma; for
instance, by serving as a platform for testing potential therapeutics that
target not only tissue repair and regeneration, but also help mitigate
traumatic injury damage.
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