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Abstract: A novel scaffold design has been created to enhance tissue engineering and regenerative
medicine by optimizing the controlled, prolonged release of Hepatocyte Growth Factor (HGF), a
powerful chemoattractant for endogenous mesenchymal stem cells. We present a new stacked scaffold
that is made up of three different fibrin gel layers, each of which has HGF integrated into the matrix. The
design attempts to preserve HGF’s regenerative properties for long periods of time, which is necessary
for complex tissue regeneration. These multi-layered fibrin gels have been mechanically evaluated using
rheometry, and their degradation behavior has been studied using D-Dimer ELISA. Understanding
the kinetics of HGF release from this novel scaffold configuration is essential for understanding HGF’s
long-term sustained bioactivity. A range of cell-based tests were carried out to verify the functionality
of HGF following extended incorporation. These tests included 2-photon microscopy using phalloidin
staining to examine cellular morphology, SEM analysis for scaffold–cell interactions, and scratch and
scatter assays to assess migration and motility. The analyses show that the novel stacking scaffold
promotes vital cellular processes for tissue regeneration in addition to supporting HGF’s bioactivity. This
scaffold design was developed for in situ tissue engineering. Using the body as a bioreactor, the scaffold
should recruit mesenchymal stem cells from their niche, thus combining the regenerative abilities of
HGF and MSCs to promote tissue remodeling and wound repair.

Keywords: tissue engineering; regenerative medicine; Hepatocyte Growth Factor (HGF); fibrin gel
scaffolds; controlled release

1. Introduction

Tissue engineering and regenerative medicine are groundbreaking fields in modern
healthcare, dedicated to repairing and reconstructing damaged tissues using advanced
biomaterials and cellular techniques [1]. Central to these methodologies are biocompatible
scaffolds, such as fibrin gels, which are derived from natural blood coagulation processes
and are designed to emulate the properties of the extracellular matrix. These gels are highly
regarded for their exceptional biocompatibility, biodegradability, and seamless integration
with host tissues, making them ideal candidates for regenerative applications.
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A key factor contributing to the efficacy of these novel scaffolds is HGF, recognized for
its potent regenerative abilities, including enhanced cell proliferation, migration, and dif-
ferentiation [2,3]. The release dynamics of HGF from the scaffolds, influenced significantly
by the fibrin gel concentration, are crucial for optimizing the scaffold’s design to maximize
tissue repair and regeneration [4]. Nevertheless, the intricate relationship between fibrin
gel concentration, HGF release kinetics, and the subsequent cellular responses—such as
migration, viability, and overall tissue regeneration—remains insufficiently understood [5].

This study explores the relationship between fibrinogen concentration and the release
dynamics of HGF from fibrin gels. By examining various fibrinogen densities, the research
evaluates their impact on the kinetics of HGF release and the subsequent effects on primary
cells and induced mesenchymal stem cells. These investigations are crucial for refining the
design and enhancing the functionality of fibrin-based scaffolds, aiming to optimize their use
in tissue engineering and personalized medicine. Additionally, by providing detailed insights
into scaffold behavior and its interaction with different cell types, the study contributes to
bridging the existing gap between basic research and practical clinical applications, facilitating
the development of more effective therapeutic strategies. The study introduces a novel approach
that goes beyond the current state of the art by employing a stack of three different fibrinogen
concentrations with embedded HGF. Unlike previous methods that rely on single layers and
result in a rapid burst release of growth factors, our multi-layered design enables a controlled
and sustained release of HGF. This innovative strategy not only enhances scaffold stability but
also ensures a prolonged therapeutic effect, creating an optimized healing environment that
significantly improves tissue regeneration and overall wound healing outcomes.

To address the existing gap in science concerning the release kinetics of growth fac-
tors from fibrin gels, our study explores varying fibrinogen concentrations (10, 20, and
40 mg/mL) with different HGF release properties and introduces an innovative stacked
scaffold approach [6]. By layering different fibrinogen concentrations within a single scaf-
fold, we aim to engineer a controlled, long-term release profile for HGF. Figure 1 illustrates
the experimental design to prolong the regenerative effects of HGF, in particular the re-
cruitment of endogenous mesenchymal stem cells (MSC), which is vital for complex tissue
regeneration scenarios that require sustained intervention.
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Figure 1. Engineered release of HGF from fibrin hydrogel scaffolds for enhanced tissue regenera-
tion. Schematic representation of a study where HGF is released from fibrin hydrogels of different
concentrations, highlighting its application in wound healing through the enhancement of cell
interaction and regeneration.

Hydrogels are indispensable in this context due to their high water content and
adaptable biochemical and biophysical properties [7], which distinguish themselves as
excellent media for encapsulating and releasing bioactive molecules like HGF. Recent
technological advancements have been directed towards adjusting hydrogel properties—
such as crosslinking density and polymer composition—to fine-tune the release kinetics of
HGF. Precise control over these properties is essential for preserving HGF’s stability and
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bioactivity, thereby maximizing its therapeutic potential for promoting angiogenesis and
extensive tissue growth, which are crucial for the repair of significant tissue damage [8,9].

Additionally, the integration of nanoparticle technology within hydrogels [10,11]
serves to protect HGF from premature degradation and facilitates stimulus-responsive
release mechanisms. These technological enhancements have demonstrated considerable
promise in clinical settings, particularly in accelerating wound healing by promoting re-
epithelialization, fibroblast migration, and collagen deposition—processes that are essential
for the treatment of chronic wounds where natural healing mechanisms are impaired [12].

A pivotal aspect of our research is its focus on personalized medicine by use of mes-
enchymal stem cells (MSCs). Our in situ tissue engineering approach heralds a transformative
technique within regenerative medicine, circumventing conventional methods of cell isolation
and expansion. Harnessing the body’s innate capabilities as a bioreactor, this methodology or-
chestrates the recruitment and activation of endogenous stem cells, thereby reducing reliance
on external cell sources. This pioneering strategy not only simplifies therapeutic procedures
but also offers potential for tailoring tissue regeneration to individual patient needs. By har-
vesting MSCs directly from patients and pre-seeding them on HGF-enhanced scaffolds, cell
proliferation could be significantly boosted. This tailored approach not only meets individual
patient needs but also facilitates the reimplantation of these bioenhanced scaffolds back into
patients, thereby promoting more effective and personalized healing processes with reduced
or even without any tissue rejection reaction [13].

Expanding on this concept of personalization, our study utilizes induced MSCs (iMSC)
to examine how they benefit from the release of HGF from our stacked hydrogel scaf-
folds [8]. Utilizing iMSCs, which can be derived from the patient’s own cells, ensures
high compatibility and effectiveness for individualized treatments. This strategy not only
demonstrates the therapeutic versatility of our scaffolds but also highlights significant
enhancements in cellular activity and proliferation induced by HGF, thus expanding the
scope of potential therapeutic applications.

The overarching aim of our work is to enhance cell proliferation through the strategic
encapsulation of HGF within scaffolds for a variety of applications [2]. These include faster
wound healing, for example, for diabetic patients [14]; improved surgical recovery through
expedited wound closure; and the advancement of tissue engineering projects such as
the construction of organoid scaffolds pre-seeded with cells. These applications greatly
benefit from the controlled release of growth factors, which considerably accelerates the
cell pre-seeding process and facilitates more rapid tissue regeneration.

By integrating these innovative strategies, our study significantly advances scaffold-
based tissue engineering and paves new pathways for developing personalized regenera-
tive therapies. This marks a substantial step forward in the field, pushing the boundaries
of what is possible in tissue restoration and regeneration.

Impact Statement

Our study significantly advances tissue engineering and regenerative medicine by
optimizing the release dynamics of HGF from fibrin gel scaffolds. By introducing a stacked
scaffold design with varied fibrinogen concentrations and incorporating growth factors, we
enhance the timely controlled delivery of bioactive molecules, crucial for tissue repair and
regeneration. This approach not only improves scaffold functionality but also aligns with
personalized medicine principles by using patient-derived iMSC ensuring high treatment
compatibility and effectiveness. These innovations provide foundational insights for clini-
cal applications, particularly in accelerating and especially controlled healing processes and
enhancing tissue reconstruction. Our research offers a pivotal step towards the develop-
ment of next-generation, patient-specific regenerative therapies, marking a transformative
contribution to both the scientific community and clinical practice.
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2. Results and Discussion
2.1. Rheological and Structural Properties of Applied Fibrin Gels: Linking Gel Characteristics to
Cellular Behavior

In the pursuit of optimizing fibrin gels for biomedical applications, the interplay
between their rheological properties and cellular responses is of main importance [15]. This
section focuses on an integrated analysis where rheological measurements and structural
characteristics of fibrin gels are investigated. The rheological characteristics of fibrin gels
at varying concentrations are essential for controlling the diffusion-driven release of HGF.
These properties dictate the gel’s porosity and structural density, thereby influencing the
kinetics of HGF release, which is critical for optimizing tissue regeneration strategies.
Utilizing state-of-the-art rheology techniques and scanning electron microscopy (SEM),
an attempt is made to establish a correlation between the physical properties of fibrin
gels, such as viscoelasticity and structural integrity, and their effectiveness in supporting
cellular functions and behavior [16]. Through a detailed examination of these parameters,
contributions are aimed towards the development of fibrin-based materials that are both
structurally sound and biologically beneficial.

2.1.1. Rheology

Figure 2 illustrates measurements of rheological properties of fibrin gels with different
fibrinogen concentrations, including the novel stacked configuration. Figure 2A, presenting
the hydrogels’ moduli as a function of frequency, demonstrates that the moduli are indepen-
dent on the applied frequency, which is a typical behavior for viscoelastic hydrogels. The
storage modulus is highest for the stacked gels and decreases with a decreasing fibrinogen
concentration. The decrease in the storage modulus can be explained by less denser gels
due to a lower fibrinogen amount in the hydrogel. The results show the storage modulus
as a function of frequency, demonstrating that the modulus increases with fibrinogen
concentration. The 10 mg/mL fibrinogen gel exhibits the lowest modulus, indicating it
has the most flexible and least solid-like properties. In contrast, the 20 and 40 mg/mL
fibrinogen gels show higher moduli, implying they possess greater elasticity and are more
solid-like, with the 40 mg/mL concentration displaying the highest modulus, reflecting
the greatest stability among the individual gels. The stack, a layered combination of all
three fibrinogen concentrations, exhibits a modulus similar to the 40 mg/mL fibrin gel, the
most rigid of the series. This observation suggests that the stacked gel structure retains the
mechanical robustness provided by the highest concentration layer [17,18].

In Figure 2B the strain-dependent measurement indicates strain-softening behavior,
which is typical for fibrin-based hydrogels outside the body [7]. This can also be observed
for the stacked hydrogels. After the oscillation strain-dependent measurement, a time-
dependent measurement was conducted. The time-dependent measurement in Figure 2C
shows that the previously performed amplitude sweep does not affect the mechanical
properties of the prepared fibrin-based hydrogels. The moduli remain almost constant at
0.1% strain and 1.0 Hz frequency within the whole time-dependent measurement [19].

In tissue engineering, the significance of these findings is manifold. The increasing rigidity
with higher fibrinogen concentrations suggests that denser gels could be advantageous for
applications requiring mechanical strength to support cellular activities [20]. The stability of the
storage modulus over time for each gel concentration and the stacked configuration indicates
that these scaffolds can provide a consistent environment, which is vital for supporting the
extended release of HGF and for maintaining its regenerative effects during tissue repair pro-
cesses. The stacked scaffold could offer a stratified structure with varying mechanical properties,
potentially guiding cellular behavior and supporting various stages of tissue regeneration.

Collectively, the rheological properties align well with the desired attributes for regen-
erative therapies, wherein the scaffold must offer both stability and support for cell growth
and extracellular matrix deposition [21]. The results from these rheological assessments
complement the conducted cell-based assays and morphological evaluations, collectively
underscoring the potential of this innovative scaffold design.
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G′ and G′′ of fibrin hydrogels over 200 s.

2.1.2. SEM Analysis

Figure 3 comprises a series of SEM representations images representing the degradation
over a one-week period of fibrin gels both alone and in conjunction with cells. The stack of
three fibrinogen conditions without cells demonstrates a stable, porous structure that exhibits
little alteration over the time course observed. The cell-free scaffold showed no significant signs
of biodegradation after 7 days of incubation. This can be attributed to the intrinsic stability
of the scaffold material, which is designed to maintain its structural integrity in the absence
of cellular activity. Environmental conditions such as temperature, pH, and moisture levels
during the experiment might not have been optimal for promoting hydrolysis. Additionally,
the 7-day period may not be sufficient to observe substantial hydrolysis, indicating that a
longer observation period might be necessary to detect noticeable degradation. When cells are
incorporated into the fibrin matrix at the same concentration, a distinct shift in the structural
integrity of the gel is observed. Cells are seen beginning to adhere and interact with the fibrin
network [22]. After 72 h, the cell spreading throughout the matrix becomes more evident, indi-
cating active engagement with the gel. At the seven-day point, the fibrin network displays signs
of degradation, presumably due to cellular activity. This degradation process is crucial, as it not
only indicates the breakdown of the scaffold but also suggests the potential release of bioactive
molecules, such as HGF, which may be embedded within the gel. The controlled nature of this
degradation implies a mechanism through which HGF can be gradually released, resulting in
cell recruitment and tissue remodeling [23]. With an increase in fibrinogen concentration to 20
and 40 mg/mL where cells are present, a denser fibrin network is initially observed. Despite this
increased density, cell adhesion and the subsequent remodeling of the scaffold are evident. The
fibrous structure of the scaffold at 24 h for the 20 mg/mL and 40 mg/mL fibrinogen samples
is present, but less distinctly visible compared to other conditions. This is likely due to the
denser matrix formed at higher fibrinogen concentrations, which can obscure individual fibers.
Additionally, the interaction of cells with the scaffold and the resolution settings of the SEM
images may influence the visibility of finer fibrous details. The initial cellular attachment and



Gels 2024, 10, 402 6 of 22

interaction are clearly demonstrated in these images. As time progresses, particularly in the
densest scaffold of 40 mg/mL, cellular activity is maintained, suggesting that higher scaffold
densities do not impede cellular functions. By day 7, a noticeable diminishment in the fibrin
network is apparent across all cell-incorporated concentrations, indicating ongoing degradation
of the gel. This activity is indicative of a process that may facilitate the sustained release of HGF,
a pivotal element in supporting regenerative processes within tissues. In essence, these SEM
images capture the dynamic interactions between the fibrin scaffold and cells, illustrating the
compatibility of the scaffold with cellular functions and its ability to degrade in a manner that
likely promotes the gradual release of therapeutic agents, vital for the field of tissue engineering
and regenerative medicine [24].
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To complement the qualitative SEM observations, our working group has previously
conducted a detailed quantitative analysis of cell adhesion and proliferation on fibrin hydro-
gels. This analysis included precise measurements of cell adhesion rates and proliferation
indices, providing robust quantitative data that support the observed cell behaviors. These
characterizations affirm the bioactivity and suitability of the fibrin hydrogels for promoting
cellular activities critical for tissue regeneration [25].

2.2. Decoding Fibrin Gel Degradation Dynamics and Hepatocyte Growth Factor Release

The degradation dynamics of various fibrin gel compositions and the corresponding
release kinetics of HGF were examined. Figure 4 illustrates the degradation behavior
analyzed by D-dimer ELISA, which quantifies the breakdown products of fibrin as the
gels degrade over time [26]. Figure 5 illustrates the corresponding release of HGF from
these gels, providing insight into the time-dependent HGF delivery capabilities of the
fibrin matrices. This dual analysis aims to elucidate how the structural and compositional
nuances of fibrin gels influence both their degradation pathways and their function as
carriers for bioactive molecules like HGF.
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Figure 4. D-Dimer release profile from fibrin hydrogel scaffolds. The image displays a heatmap
illustrating the concentration of D-Dimers, fibrin degradation products, released from fibrin hydrogel
scaffolds at different time points (0 h, 3 h, 24 h, 168 h) and across varying fibrinogen concentrations
(10, 20, 40 mg/mL) and a stacked combination. The color gradient indicates the quantity of D-Dimers
present, serving as an indicator of scaffold degradation and HGF release kinetics over time.

2.2.1. D-Dimer ELISA

The heatmap from the D-Dimer ELISA assay shown in Figure 4 provides a detailed
picture of the degradation behavior of fibrin gels under four different conditions across a
time of one week. At 0 h, the assay reveals a uniform D-Dimer level across all samples, as
is expected in the absence of any degradation. At the 3 h mark, D-Dimer levels peak, par-
ticularly in the stacked gel configuration, suggesting rapid initial degradation of the fibrin
matrix. The higher biodegradation observed in the stack group at the 3 h mark compared to
other groups can be attributed to the initial burst release phenomenon. This phenomenon is
common in scaffold materials, where the surface-bound components degrade rapidly upon
initial exposure to the medium, leading to a transient spike in degradation products. This
early surge in D-Dimer could be attributed to an immediate response to the environment
or the activation of degradation processes within the gel. This peak may also indicate the
beginning of the release of HGF if it is incorporated into the matrix, an event that could
be beneficial for early-stage tissue repair processes where a burst release of HGF might
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be desirable to kick-start cellular activities. By 24 h, the levels of D-Dimers begin to vary
more distinctly among the different fibrinogen concentrations, with some showing a higher
degree of degradation than others. This variation could be due to the inherent properties of
the fibrin gels at different concentrations affecting their stability and susceptibility to enzy-
matic breakdown [26]. The observed similar degradation levels across different fibrinogen
concentrations at the same time points suggest that the initial concentration of fibrinogen
may not significantly influence the rate of degradation within the first 168 h. This could
indicate that other factors, such as environmental conditions or the intrinsic properties of
the scaffold, play a more dominant role in the early stages of biodegradation. By the end of
the observation period at 168 h (7 days), the continued degradation is evidenced by the
persistent presence of D-Dimers, although the levels seem to stabilize or slightly decline
from the initial peak at 3 h. This indicates that the most intense phase of degradation occurs
quite early, followed by a more gradual breakdown of the fibrin matrix over time. The
sustained presence of D-Dimers at this point is consistent with a controlled release mecha-
nism for HGF, ensuring its availability over the entire duration of the healing process. The
stacked gel configuration presents an intriguing pattern of degradation. The initial rapid
increase in D-Dimer levels followed by a stabilization suggests that the layered structure
may influence the rate and extent of gel breakdown. This could imply that different layers
degrade at different rates, possibly providing a staggered release profile for HGF that could
be tuned to match the stages of tissue regeneration. In summary, the precise analysis of the
heatmap shows that the degradation of fibrin gels and the corresponding release of HGF
can be intricately managed by varying fibrinogen concentrations and by using a stacked
scaffold design. The early peak in D-Dimer levels at 3 h followed by a stabilization suggests
a promising avenue for tailoring the release of regenerative factors in a way that can be
synchronized with the body’s natural healing processes.
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Figure 5. Release patterns of HGF from fibrin hydrogels over time. The graphs (A,B) illustrate
the concentration of HGF released from fibrin hydrogels over time, measured at initial loadings of
75 ng/mL and 200 ng/mL HGF, respectively. They compare the release profiles across different
fibrinogen concentrations and a stacked scaffold, with a control showing no HGF release.

2.2.2. HGF-Elisa

Figure 5 illustrates the release kinetics of HGF from fibrin gels of different fibrinogen
concentrations and a stacked gel configuration over time, with two initial HGF concentra-
tions: 75 ng/mL and 200 ng/mL. Figure 5A shows that the release of HGF from gels with
an initial concentration of 75 ng/mL follows a trend where the amount of HGF detected
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in the medium generally increases over time. This trend is most pronounced in the 10
and 20 mg/mL fibrinogen gels, which demonstrate a more sustained release up to 168 h
(7 days). The 40 mg/mL fibrinogen gel also exhibits a release pattern, but it levels off
more quickly, indicating a possible early saturation or reduced release rate. The stacked
gel shows a moderate and sustained release, but not as high as the lower concentrated
gels. The stack approach exhibits a slower HGF release compared to a single layer, as the
increased thickness of the gel results in more gradual degradation, thus facilitating a more
controlled and steady release of HGF without a burst effect. The control without HGF, as
expected, shows no release.

Figure 5B represents a higher starting concentration of 200 ng/mL HGF, resulting in
a different release profile. Initial release within the first 24 h is most pronounced in the
10 mg/mL fibrinogen gel. Release peaks at 48 h, particularly in the 20 and 40 mg/mL
fibrinogen gels. The release then decreases or plateaus towards 168 h. The stacked gel in
this instance exemplifies our precise design goals, showcasing a flawless, consistent release
profile devoid of any peaks. This achievement solidifies its suitability for therapeutic
applications by effectively circumventing the conventional burst release pattern, ensuring
a robust and uninterrupted delivery of bioactive agents. The control shows no release,
confirming the specificity of the HGF ELISA. When considering the normal amount of
HGF present in the human body or in wound-healing applications, the physiological
concentration of HGF can vary. In normal serum, HGF levels can be relatively low, typically
under 0.5 ng/mL [27–29], but may increase significantly in tissue repair and wound-healing
scenarios up to 140 ng/mL [30,31]. In therapeutic contexts, the concentrations of HGF
could be elevated to promote healing. Therefore, the release amounts detected from the
fibrin gels, especially in the higher initial concentration setup, are well above normal serum
levels but may align with the elevated levels needed in therapeutic applications to ensure
efficacy [32,33]. The initial burst of HGF release from the gels may result in kick-starting
the healing process by providing a high concentration of HGF at the beginning, which
can be beneficial for attracting cells to the wound site. The subsequent sustained release,
particularly evident in the stacked gel configuration, would be valuable in maintaining
a conducive environment for ongoing tissue repair and regeneration. This controlled
release profile, especially with the stacked gel, may allow for prolonged bioactivity of HGF,
aligning with the extended time frames required for complex tissue regeneration. The data
suggest that by manipulating the fibrinogen concentration and the scaffold structure, the
release of HGF can be tailored to match the therapeutic needs of tissue engineering and
regenerative medicine.

The initial burst release of HGF observed in certain configurations (Figure 5) has
significant therapeutic implications for tissue engineering and regenerative medicine. This
initial surge can start the healing process by attracting cells to the wound site. However,
the rapid depletion of HGF could reduce therapeutic efficacy over time.

The stacked gel configuration offers a solution with its slower, controlled release profile,
ensuring a continuous supply of HGF necessary for prolonged tissue repair. Adjusting the
fibrinogen concentration and scaffold structure allows tailoring of HGF release to meet
specific therapeutic needs, enhancing clinical applications.

In conclusion, the controlled initial burst and sustained release of HGF from fibrin
gels present a promising strategy for effective tissue repair and regeneration, aligning well
with the dynamic requirements of the healing process.

2.3. Evaluating the Bioactivity of Hepatocyte Growth Factor Released from Fibrin Gels

Next the research delves into the functional assessment of HGF through two distinct
cell-based assays: the scratch and scatter assays [34]. The foundational approach for both
assays involved conditioning cell media by allowing it to interface with fibrin gels under
a range of conditions for a 24 h period. This step was crucial to ensure that the medium
acquired the HGF released from the gels. Following this conditioning phase, the medium
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was then introduced to cell cultures to evaluate the influence of HGF on cellular behaviors
indicative of bioactivity.

It is important to note that in this investigative stage, the stacked scaffold configuration
was not subjected to the indirect assays. The assumption behind this decision stemmed
from the understanding that within the short span of the 24 h conditioning period, the
deeper layers of the stack would unlikely undergo significant degradation. Consequently,
the release of HGF was expected to be primarily from the topmost layer of 10 mg/mL
fibrinogen. Additionally, initial findings from HGF Elisa (Section 2.2) assays indicated
that the release of HGF from the stacked scaffolds was not as pronounced, reinforcing the
decision to focus on the single-layer configurations for the current bioactivity evaluations.
Future studies are anticipated to extend the analysis to the stacked scaffolds, pending a
comprehensive profiling of the release kinetics of HGF from each individual layer within
the scaffold.

2.3.1. Scratch Assay

To assess the bioactivity of HGF released from fibrin gels, a scratch assay was em-
ployed [35]. The conditioned medium was applied to scratched MSC cultures to study cell
migration, a critical indicator of HGF/scatter factor biological activity. Figure 6A displays a
typical view of a scratch assay, showing the initial scratch in the MSC monolayer (left) and
scratch closure after 24 h in the presence of conditioned media from the 40 mg/mL fibrino-
gen gel with 200 ng/mL HGF. MSC largely bridged the scratch area over 24 h suggesting
that the HGF contained in the conditioned media had facilitated cell migration.

1 

 

 

Figure 6. Scratch assay using MSC, and conditioned media released from HGF-containing fibrin
hydrogels. (A) depicts a microscopic image showing MSC migration and scratch closure in fibrin
hydrogels containing 40 mg/mL fibrinogen and 200 ng/mL HGF at 6 h (left) and 2 days (right) post
scratching. Scale bar 400 µm. (B,C) present bar graphs quantifying the percentage of scratch closure
over time in hydrogels with varying fibrinogen concentrations, at two different HGF concentrations
(75 ng/mL and 200 ng/mL).

Figure 6B,C show the percentage of scratch closure in the presence of conditioned
media from gels initially containing HGF concentrations of 75 ng/mL and 200 ng/mL,
respectively. For the 75 ng/mL HGF condition shown in Figure 6B, there is a progressive
increase in closure percentage, indicating that the HGF released into the media is stimulat-
ing cell migration. Interestingly, the conditioned media released from gels containing 10
and 20 mg/mL fibrinogen mediated better scratch closure than conditioned media released
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from gels containing 40 mg/mL fibrinogen, suggesting higher HGF release from less dense
fibrinogen gels. Figure 6C illustrates the 200 ng/mL HGF condition, showing that higher
HGF concentrations may initially induce a more robust migration; this effect, however,
appears to diminish over time, particularly in higher fibrinogen concentrations. This could
be due to a denser fibrin network at higher concentrations potentially restricting the release
or diffusion of HGF into the media. It could be observed that cell migration appears more
pronounced in the presence of 75 ng/mL HGF (Figure 6B) compared to 200 ng/mL HGF
(Figure 6C). It can be hypothesized that this finding may be attributed to the optimal
concentration of HGF required for maximal cell migration. Specifically, a concentration of
75 ng/mL HGF might create a more conducive environment for cell migration, whereas
higher concentrations, such as 200 ng/mL, could potentially lead to saturation effects or
trigger inhibitory mechanisms.

The inclusion of a control group without HGF would provide a baseline for cell
migration; this aspect has been comprehensively addressed in a previous publication from
our working group [4]. In that study, the baseline cell migration in the absence of HGF
was thoroughly characterized, offering a well-documented framework for comparison.
By leveraging the established baseline from our previous work, we focused our current
study on examining the comparative effects of varying concentrations of fibrinogen and
HGF. This approach allows for a more targeted investigation into the impact of HGF on
cell migration.

The scratch assay results support the conclusion that HGF is not only released from
the fibrin gels and is also biologically active in stimulating MSC migration. Moreover, it
highlights the importance of fibrinogen concentration in modulating HGF release, sug-
gesting that lower concentrations may be more effective for sustained HGF activity and
thus better suited for applications where prolonged growth factor activity is needed for
tissue regeneration.

The presented results show that HGF released from fibrin gels stimulated MSC migra-
tion in a dose-dependent manner. Lower fibrinogen concentrations (10 and 20 mg/mL) facil-
itated better HGF release and sustained cell migration compared to denser gels (40 mg/mL),
which restricted HGF diffusion over time. Overall, the results demonstrate a clear dose-
dependent relationship between fibrinogen concentration and cell migration, with higher
fibrinogen levels leading to slower migration rates, likely due to decreased HGF availability.
One of the biggest challenges of this approach lies in the interaction and decision making
regarding which fibrin gel concentration and HGF concentration to choose. The optimal
combination depends heavily on the desired cell migration profile. If rapid, short-term
availability of HGF is required, lower fibrinogen concentrations may be preferable, as they
allow for quicker HGF release and faster cell migration. Conversely, if a long-term release
of HGF with a steady, slow start is desired, higher fibrinogen concentrations may be more
suitable, as they provide a slower release of HGF and consequently a more gradual cell
migration response. The dose-dependent effect on the cells is critically influenced by these
choices, determining the overall effectiveness of the cell migration strategy.

2.3.2. Scatter Assay

An established cell scatter assay was employed to assess cell motility and dispersion,
simulating salient parts of wound healing and tissue regeneration [36]. Figure 7 shows the
results of the scatter assay using MDCK cells that were preconditioned with medium that
equilibrated with HGF-containing fibrin gels of varying fibrinogen concentration.

Figure 7A shows that conditioned medium from HGF containing fibrin gels made from
10 mg/mL fibrinogen increased cell dispersion dose-dependently, with 200 ng/mL HGF
doubling the scatter over 75 ng/mL HGF. As expected, control MDCK cultures without
added HGF exhibited little cell dispersion, underscoring the stimulatory role of HGF.
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Figure 7. Cell scatter fibrinogen concentration gradients. The scatter plots (A–C) show the normal-
ized value of cell scatter at varying fibrinogen concentrations with different HGF doses over time, and
(D) compares these rates at 24 h, highlighting the statistically significant differences. The sequence
(E) displays exemplary the morphological changes of cells incubated in a fibrin gel-conditioned
medium over 24 h, demonstrating the effects of fibrinogen and HGF on cell behavior. (**: statistically
high significant difference).

Figure 7B demonstrates a similar pattern for the 20 mg/mL fibrinogen concentration,
with cell dispersion again being higher in the medium conditioned with 200 ng/mL HGF.
The effect is less pronounced than with the 10 mg/mL fibrinogen, indicating that the denser
fibrin network significantly affects the release and activity of HGF.

Figure 7C illustrates results obtained with conditioned media obtained from fibrin
gels prepared with 40 mg/mL fibrinogen. Little if any cell scatter was observed with both
HGF conditions, suggesting strongly restricted release of HGF due to the high density of
the fibrin gel or an inhibition of cell motility due to the physical properties of the gel.

Figure 7D compares data obtained from all fibrinogen concentrations. Here, the
impact of different concentrations of HGF is evident, with the highest dispersion seen in
cells treated with media conditioned by 10 mg/mL fibrinogen with 200 ng/mL HGF. The
increased dispersion correlates with a higher concentration of HGF, which suggests that
the stimulatory effect of HGF is preserved and that the release from the gel is functional. It
is also noticeable that the control without HGF shows very low dispersion, which further
confirms the role of HGF in stimulating cell motility.
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Due to the enormous number of data generated by a threefold approach, only an
exemplary data series of the Cell Scatter is shown in this context. The series of images
shown in Figure 7E captures exemplary the morphological changes in MDCK cells over
24 h when incubated with medium conditioned by 10 mg/mL fibrinogen gel containing
75 ng/mL HGF. The progressive increase in the scattered area indicates active cell motility,
reinforcing the results from the graphs that HGF promotes cell movement.

The data from these scatter assays support the conclusion that the HGF released from
the fibrin gels retains its biological function and is capable of inducing cell motility, an
essential factor in wound healing and tissue regeneration [36]. Furthermore, the results
highlight the importance of fibrinogen concentration and HGF dosage in designing scaffolds
for regenerative medicine, as they can influence the extent of HGF bioactivity and thus the
therapeutic efficacy.

To further confirm the functional integrity of the released HGF over time, the results
from both the scratch and scatter assays were carefully analyzed. The consistent cell
migration observed in the scratch assay, particularly with lower fibrinogen concentrations,
underscores the sustained bioactivity of HGF. Similarly, the scatter assay results with
MDCK cells, demonstrating increased cell dispersion with higher HGF concentrations
from less dense fibrin gels, further validate that the HGF retains its bioactivity post-release.
These findings collectively confirm that the HGF released from the fibrin gels remains
biologically active, effectively promoting cellular behaviors essential for wound healing
and tissue regeneration over the assessed period. The data from these assays indicate that
the released HGF is functionally intact, supporting its potential therapeutic applications.

2.4. Assessment of Fibrin-HGF Gels as Scaffold Materials: Morphological Insights from
Two-Photon Microscopy

In the assessment of fibrin-HGF gels as scaffold materials, morphological insights
gained from two-photon microscopy offer an insight into the interaction between iMSC and
the scaffold environment [37]. We employed iMSCs given their potential for differentiation
into various cell types, thus offering a versatile platform for assessing the efficacy of
regenerative therapies in view of their potential application in personalized medicine and
tissue engineering.

Two-Photon-Microscopy

Figure 8 shows iMSC after one day of incubation in medium conditioned with different
concentrations of HGF embedded within 10 mg/mL fibrin gels. The first column of
images, showing cells incubated with 75 ng/mL HGF, reveals moderately spread cells
with some extension of processes, suggesting that this concentration of HGF supports
cellular adherence and initial spreading. However, the morphology does not indicate
extensive migration or proliferation at this stage. In the second column with a higher HGF
concentration of 200 ng/mL, there is a notable difference. Cells exhibit more pronounced
spreading with extensive filopodial and lamellipodial extensions. This enhanced cellular
behavior indicates that the increased concentration of HGF significantly fosters not only cell
attachment but also promotes cytoskeletal organization, which is crucial for cell migration
and tissue integration [38]. In contrast, the third column without HGF shows cells with
less spreading and fewer extensions compared to the HGF-incubated cells. These cells
display a more rounded morphology, a typical characteristic when cell–matrix interactions
are minimal or when growth factors that stimulate spreading and motility are absent. After
one day of incubation, the results collectively suggest that HGF has a potent effect on the
behavior of iMSCs, enhancing cell spreading and morphological complexity, which are
indicative of active cellular engagement and a positive response to the scaffold environment.
This qualitative analysis underscores the potential of HGF-incorporated fibrin gels in
promoting cellular functions necessary for effective tissue engineering and personalized
medicine applications. It highlights the importance of growth factor concentration in
influencing iMSC behavior, which could be crucial for the design of tailored regenerative
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therapies. In general, however, the differences between the samples with and without HGF
are not yet significant after one day of incubation, as the fibrin hydrogel provides a good
basis for cell growth even without incorporation of HGF.
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Figure 8. Cell morphology in fibrin gels: impact of HGF concentration after 24 h. The images
demonstrate fluorescence microscopic views of cells after a 1-day incubation in 10 mg/mL fibrinogen
hydrogels with varying concentrations of HGF including gels without HGF. These visualizations
highlight the influence of HGF on cell structure and extension, with more pronounced cell spread-
ing and connectivity in the presence of higher HGF concentrations. Scale bar 100 µm. (Staining:
Phalloidin-488, green; DAPI: blue).

In this collection of images from the three-day incubation experiment, we observe the
effects of prolonged exposure to different concentrations of HGF on iMSC within fibrin
gels (Figure 9).

Starting with the first column, where the iMSCs are incubated with 75 ng/mL HGF,
there is an evident progression in cell morphology from day 1. The cells show increased
spreading and the development of more complex networks of extensions, which suggests
active cell-matrix interactions. The extended processes are indicative of enhanced cellular
motility and the establishment of a more interconnected cellular network, which may be
critical for tissue formation and integration [39].

The second column, with a higher HGF concentration of 200 ng/mL, shows a
more pronounced advancement in cellular behaviors compared to the 1-day incuba-
tion. The iMSCs here have established a much denser network of extensions, and
their overall morphology appears more differentiated. This suggests that a higher
concentration of HGF continues to play a significant role in cellular dynamics over a
longer period, promoting robust cytoskeletal organization and potentially influencing
differentiation pathways [39].
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Figure 9. Cellular dynamics in fibrin gels after 3-day HGF exposure. The fluorescent images display
the morphological progression of cells in 10 mg/mL fibrinogen hydrogels after a 3-day incubation
period with two concentrations of HGF (75 ng/mL and 200 ng/mL) and without HGF. These images
highlight the differences in cell network formation and interaction within the scaffold environment
influenced by the presence and concentration of HGF. Scale bar 100 µm. (Staining: Phalloidin-488,
green; DAPI: blue).

In contrast, the third column without HGF exhibits the least complex morphologies,
with cells remaining relatively rounded and displaying minimal extensions even after
three days. This persistence of a less differentiated state underlines the crucial role of
HGF to promote signaling pathways that regulate cell behavior. Without it, cells seem to
maintain a more quiescent state, which may impede the processes necessary for effective
tissue regeneration.

Over three days of incubation, it is apparent that the presence and concentration of
HGF in fibrin gels greatly affect the morphological and functional progression of iMSCs.
Higher concentrations of HGF lead to a more interconnected and complex cellular network,
suggesting an optimized scaffold environment for tissue engineering purposes [39]. This
observation is a valuable information for the design of regenerative therapies by emphasiz-
ing the significance of growth factor concentration over time to support the desired cellular
activities for tissue repair and regeneration.

Comparing day 1 to day 3, there is a significant advancement in cell morphology
and behavior, especially when considering the influence of HGF [36,40]. On day 1, cells
generally display moderate spreading and initial extension development, particularly
evident in the presence of HGF. However, by day 3, this progression is notably more
pronounced, with cells showing increased spreading, more complex networks of extensions,
and denser morphologies, especially with higher concentrations of HGF. This suggests a
continued influence of HGF over time, promoting enhanced cellular motility, cytoskeletal
organization, and potentially influencing differentiation pathways for tissue engineering
applications. In contrast, the cells incubated without HGF display the least complex
morphologies, remaining relatively rounded and displaying minimal extensions even after
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three days. This emphasizes the critical role HGF plays in stimulating cellular activities
necessary for effective tissue regeneration, highlighting the significance of growth factor
concentration over time in scaffold design for regenerative therapies.

The observed morphological changes indicate that HGF enhances cell spreading and
network formation within the fibrin gels. Higher HGF concentrations promote more ex-
tensive and complex cellular networks, suggesting improved cell–cell interactions and
migration. These morphological changes imply that scaffolds with higher HGF concen-
trations may better support tissue regeneration in vivo by facilitating scaffold integration
with surrounding tissues, leading to more effective healing and tissue repair processes.
Future studies will focus on quantifying these morphological changes through a more
robust three-point approach to validate these observations and further elucidate the role of
HGF in scaffold-based tissue regeneration.

3. Conclusions

In conclusion, we investigated the potential of fibrin gels with different fibrinogen
concentrations embedded HGF as scaffold materials for tissue engineering and regenerative
medicine. Through a comprehensive series of experiments and analyses, we have gained
valuable insights into the mechanical properties, degradation behavior, and bioactivity of
these innovative scaffold designs.

In this study it could be observed that fibrin gels with lower concentrations degraded
more rapidly. Conversely, a layered stack comprising all three concentrations exhibited
a slower, more controlled degradation. Importantly, the released HGF maintained its
functionality, effectively enhancing cell proliferation and promoting wound closure.

Rheological assessments revealed the excellent suitability of the fibrin gels for use as
scaffold materials, demonstrating controlled release profiles of HGF, a crucial factor for
recruiting cells essential for tissue regeneration [41,42]. Moreover, D-Dimer ELISA assays
provided insights into the degradation kinetics of the fibrin gels, confirming their ability to
undergo controlled degradation over time, facilitating the release of embedded HGF.

Functional testing, including scratch and scatter assays, demonstrated the bioactivity
of the released HGF in conjunction with different conditions of the fibrin layers [43],
promoting cellular migration, motility, and cytoskeletal organization, all crucial processes
for tissue repair and regeneration [39,40]. Furthermore, two-photon microscopy offered
qualitative insights into the morphological changes of iMSC within the fibrin gels with
embedded HGF, highlighting the influence of HGF concentration on cellular behavior and
network formation.

Overall, our findings underscore the potential of fibrin gels with embedded HGF as
promising scaffold materials for tissue engineering applications. By optimizing growth
factor concentration and scaffold composition, these scaffolds can be tailored to support
specific cellular activities necessary for effective tissue regeneration. Moving forward,
further investigations into the long-term effects and in vivo efficacy of these scaffold designs
will be crucial for advancing personalized regenerative therapies and addressing the
complex challenges in tissue engineering.

This study’s in vitro focus on the role of fibrin gel architecture in HGF release provides
valuable insights, though it necessitates further in vivo exploration to enhance real-world
applicability. While concentrating on a single stem cell type, maintaining consistency,
future research should expand the cell models used to validate and generalize our findings.
Acknowledging unexplored challenges and limitations could also strengthen the robustness
of our conclusions.

Our work is pioneering, opening new pathways in regenerative medicine by exploring
how biomaterial structures can influence biological responses—an area that holds potential
for significant clinical advancements. The specific use of one stem cell type sets a clear
baseline for future studies to build upon, potentially exploring various cellular processes
and mechanical properties of gels.
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By pushing the boundaries of biomaterials science, our research lays a foundation for
future innovations that could transform therapeutic approaches, enhancing both the scope
and impact of tissue engineering.

4. Materials and Methods
4.1. Cells

Mesenchymal stem cells MSC were isolated and cultured following established pro-
tocols [43]. In short, cells were isolated from human bone spongiosa, which had to be
removed during orthopedic surgery. The cells were selected by adherent cell culture in MSC
maintenance medium. Their identity was confirmed by flow cytometry and differentiation
potential in osteogenic, chondrogenic and adipogenic differentiation media. Cells were
used up to passage number 6.

Madin-Darby canine kidney (MDCK) cells are a model mammalian epithelial cell line
used to test HGF/scatter factor bioactivity. In short, the cells were cultured in DMEM
medium, and cell scattering was induced with pure HGF or with medium equilibrated
with HGF-containing fibrin hydrogels.

Induced MSC were generated from MSC by project partners of Maastricht University.

4.2. Fibrin Hydrogels with and without HGF

The preparation involved two main components: buffer solutions and specific ex-
perimental setups. For the buffer solutions, a 50 mM solution of CaCl2 was prepared by
dissolving in distilled water and was subsequently sterilized through filtration. The GBSH5
buffer was made in two forms: an incomplete version without D-Glucose and a complete
version with 4.5 g/L D-Glucose added. The incomplete GBSH5 contained KCl, MgCl2,
MgSO4, NaCl, Na2HPO4, and HEPES in specified concentrations.

In terms of experimental preparations, the dialysis tubing was sterilized by heating in a
solution of 2% NaHCO3 and 1 mM EDTA at pH 8, followed by a rinse with sterile water for
injections and a second heating in a 1 mM EDTA solution. The tubing was stored in 1 mM
EDTA at 4 ◦C and rinsed before each use. For the fibrinogen suspension with 40 mg/mL
500 mg of fibrinogen powder (62% protein, Sigma Aldrich/Merck, St. Louis, MO, USA) was
dissolved in 6.25 mL of sterile water and mixed with an equal volume of the incomplete
GBSH5 buffer. This mixture was transferred into the sterilized dialysis tubing and stored
in the incomplete GBSH5 buffer. It was equilibrated overnight at 4 ◦C, centrifuged, and
the supernatant was sterile filtered. For different concentrations, dilutions were made to
achieve 10 and 20 mg/mL using the prepared fibrinogen solution and incomplete GBSH5
buffer. The prepared aliquots were stored at −80 ◦C and thawed as needed.

A fibrinogen buffer suspension was prepared according to Table 1. To prepare the gels
in 48-well plates, thrombin was transferred to the bottom of the well and fibrinogen buffer
suspension was added and mixed quickly. Gels were incubated at 37 ◦C for 15 min before
further usage.

Table 1. Composition of fibrin-based hydrogels. Quantities given for 48-well plates. For gels with
HGF, the HGF was dissolved in GBSH5 to maintain the overall volume.

Gel without HGF Gel with
75 ng/mL HGF

Gel with
200 ng/mL HGF

Component µL per Well

Fibrinogen
(10/20/40 mg/mL) 156 156 156

CaCl2 (50 mM) 10 10 10

GBSH5 incomplete 24 8.25 3

HGF in GBSH5 0 15.75
Stock: 1000 ng/mL

21
Stock: 2000 ng/mL

Thrombin (10 U) 20 20 20
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For the experiments involving HGF, recombinant human HGF derived from HEK293
cells was used. Specifically, 25 µg of the HGF was dissolved in GBSH5 buffer to prepare
two stock solutions with concentrations of 1000 ng/mL and 2000 ng/mL, respectively.
These stock solutions were then utilized for further experimental applications as required.

4.3. Mechanical Properties of Fibrin Gels: Rheology

Rheological measurements were performed to assess the mechanical properties of
the hydrogels using a TA Instrument Discovery HR-3 hybrid rheometer. This equipment
features a 20 mm parallel plate geometry and is equipped with a solvent trap. The previ-
ously prepared hydrogels (13 mm diameter) were positioned between the geometry and
the Peltier plate. The gap was adjusted to 200 µm and the temperature was set to 37 ◦C. To
prevent evaporation and drying, the solvent trap was filled with water, and the setup was
sealed with a lid. First, a time-dependent measurement for 180 s at a frequency of 1.0 Hz
and an oscillation strain of 0.1% was conducted to incubate the gel. Then, a frequency-
dependent measurement at a fixed strain of 0.1% was performed. The frequency was
increased from 0.01 Hz to 100 Hz. This was followed by a strain-dependent measurement
at a fixed frequency of 1.0 Hz and an increasing strain from 0.1% to 1000%. Lastly, another
time-dependent measurement for 180 s at a fixed strain of 0.1% and a fixed frequency of
1.0 Hz was conducted.

4.4. Quantification of D-Dimer and HGF Levels via ELISA

The ELISA assays were performed using the supernatant medium, strictly following
the protocols specified by the manufacturers for each kit. The first assay employed the
D-Dimer Human ELISA Kit (Invitrogen, Waltham, MA, USA, Catalog # EHDDIMER),
which is optimized for accurate detection of D-Dimer levels in human samples. The second
assay utilized the Human HGF ELISA Kit (Sigma-Aldrich, RAB0213), designed for cell and
tissue lysates, ensuring precise and targeted measurements. Adhering to these guidelines
guaranteed the reliability and reproducibility of the results.

4.5. Functional Assessment of Released HGF: Scratch and Scatter Assays
4.5.1. Experimental Implementation of the Scratch Assay

The scratch assay was performed to evaluate the migratory properties of MSC in
dependency of possible present HGF in media. MSCs were initially seeded at a density
of 5000 cells/cm2 in a 96-well plate and allowed to grow until they reached confluency.
The scratching was carried out using the Incucyte® WoundMaker, a specialized 96-pin
mechanical device from Sartorius (Göttingen, Germany). This device is designed to create
uniform scratch wounds approximately 700–800 microns wide in cell monolayers on
Incucyte® ImageLock 96-well microplates. The WoundMaker is noted for its ease of use
and ability to create wounds quickly without harming the cells or damaging the plastic or
biomatrix of the wells.

Following the creation of the scratch wounds, the cells were treated with conditioned
media derived from various fibrinogen compositions that had been incubated for 24 h to
ensure the possible release of HGF into the media. The healing process was then monitored
through live cell imaging over a period of 36 h. The analysis focused on the percentage clo-
sure of the scratch, providing insights into the healing capacity influenced by the different
conditioned media. MSC were isolated and cultured following established protocols [43].

4.5.2. Experimental Implementation of the Scatter Assay

The scatter assay was conducted using the MDCK cell line, which is frequently utilized
in our laboratory due to its robustness and reproducibility in various assays. For this specific
test, MDCK cells were seeded at a density of 5500 cells/cm2 in 48-well plates and allowed
to adhere for 24 h to ensure stable cell attachment and initial colony formation.

Following the initial adhesion period, conditioned media from different fibrin gel
compositions containing HGF, which had been in contact with the media for 24 h, were
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added to the wells. This procedure aimed to assess the influence of HGF-enriched media
on the scattering behavior of MDCK cells, which is indicative of cell motility and migration.

Cell scattering was monitored for 24 h using a CellCyte® live cell imaging platform
(Cytena, Freiburg im Breisgau, Germany). The primary analysis involved measuring the
surface area covered by individual MDCK colonies. The measurements were repeated three
times, to obtain reliable results. To ensure comparability between different experimental
conditions, these values were normalized. This normalization is crucial because not every
colony of cells is the same size at the initial time point (timepoint 0), and differences in initial
colony size could influence the perception of growth and scattering behavior. This approach
allows for an accurate representation of cell scatter influenced by each HGF-containing
fibrin gel.

4.6. Immunofluorescence Staining and Microscopy

For the immunofluorescence analysis using two-photon microscopy, a detailed staining
process was followed to visualize the cytoskeletal structure and nuclei of iMSC. Initially,
the phalloidin working solution was prepared by diluting 1 µL of the 1000× phalloidin
conjugate stock solution into 1 mL of PBS mixed with 1% BSA. This mixture was well
agitated by pipetting, creating enough staining solution for 10 chambers, with 100 µL
allocated per chamber.

For staining, iMSC were grown on ibidi chamber slides for 24 and 72 h. The cell
culture medium was carefully aspirated to avoid dislodging the cells, followed by a single
wash with PBS. Cells were then fixed using paraformaldehyde at room temperature for
15 min. Cells were washed three times with PBS to remove residual fixative. To block
non-specific binding, cells were incubated with 1% BSA for 20 min, followed by two more
washes in PBS.

Next, cells were permeabilized with 0.1% Triton X-100 for 5 min, washed twice with
PBS, and then treated with 100 µL of phalloidin-conjugate working solution. They were
incubated at room temperature for 60 min to allow for thorough staining of the actin
filaments. After this, cells were rinsed 2–3 times with PBS, with each wash lasting 5 min.

To stain the nuclei, DAPI was added, and cells were incubated for 5 min in the dark.
Following this incubation, the staining solution was removed, and cells were washed three
times in PBS to clear any excess stain. The preparation concluded with the cells being either
immediately observed at an excitation/emission of 493/517 nm or kept covered with PBS
until observation. This method ensured detailed visualization of cellular structures for
further analysis.

Scanning Electron Microscopy

For SEM analysis, samples were fixed in glutaraldehyde, rinsed in PBS, dehydrated in
a graded ethanol series, critical point dried, mounted on SEM stubs, gold sputtered and
imaged using scanning electron microscopy.

4.7. Quantification and Statistical Analysis

For the quantification and statistical analysis of the experimental results, several
specialized software tools were utilized. Graphs and visual data representations were
created using GraphPad Prism (Version 10.2.2), a powerful tool for biostatistical analysis
and graphing. To ensure reliable results, we always made a triplet approach (n = 3)
and conducted statistical analysis using GraphPad. Specifically, t-tests or ANOVA were
performed to determine the significance of differences, with p-values calculated accordingly.

The scratch assay analysis was facilitated by the Wound Healing Size Tool [44], a plugin
for ImageJ/Fiji® (Version 1.53e). This plugin specifically aids in accurately measuring the
size of wound healing in scratch assays, allowing for precise quantification of cell migration
over time. In the scatter assay, ImageJ was employed to determine the surface area of each
cell colony. This analysis provided the necessary data to perform a t-test, which was used
to analyze significant differences between the experimental conditions, ensuring that any
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observed effects were statistically validated. For the results obtained from two-photon
microscopy, the post-processing of images was carried out using the Bioformat Importer
plugin for ImageJ. This plugin is essential for handling and analyzing the complex image
data produced by two-photon microscopy, facilitating detailed examination of cellular
structures. Together, these tools provided a comprehensive approach to analyzing and
presenting the data from the various assays, ensuring that the conclusions drawn were
both accurate and statistically robust.

Author Contributions: Conceptualization, S.W.; data curation, S.W. and L.R.; formal analysis, S.W.;
funding acquisition, S.N.; investigation, S.W. and S.A.J.; methodology, S.W.; project administration,
S.N.; supervision, D.J., W.J.-D., A.P. and S.N.; validation, S.W. and S.R.; visualization, S.W.; writing—
original draft, S.W.; writing—review and editing, S.W., S.A.J., M.A.A.E.-U., D.J., M.K., W.J.-D., A.P.
and S.N.; S.W., A.P. and S.N. contributed equally to this work. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Deutsche Forschungsgemeinschaft (DFG) frame-
work programs PAK961; grants JA 562/19-2, NE 1650/4-2 and PI 614/13-2, and TRR 219,
Project-ID 322900939.

Institutional Review Board Statement: Human cells were isolated according to approvals (EK 300/13;
EK 116/19) of our local ethics committee.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (accurately indicate status).

Acknowledgments: The authors acknowledge Vytautas Kucikas for the preparation of the two
photon microscopic images. The authors thank the Clinic for Orthopedic Surgery for providing bone
spongiosa to isolate human mesenchymal stem cells. The authors acknowledge Arnold Gillner from
Fraunhofer ILT Aachen for producing Figure 1, using the BioRender software (version 04).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Nakamura, S.; Ijima, H. Solubilized matrix derived from decellularized liver as a growth factor-immobilizable scaffold for

hepatocyte culture. J. Biosci. Bioeng. 2013, 116, 746–753. [CrossRef] [PubMed]
2. Grasman, J.M.; Do, D.M.; Page, R.L.; Pins, G.D. Rapid release of growth factors regenerates force output in volumetric muscle

loss injuries. Biomaterials 2015, 72, 49–60. [CrossRef] [PubMed]
3. Zhu, X.H.; Wang, C.-H.; Tong, Y.W. In vitro characterization of hepatocyte growth factor release from PHBV/PLGA microsphere

scaffold. J. Biomed. Mater. Res. A 2009, 89, 411–423. [CrossRef] [PubMed]
4. van de Kamp, J.; Jahnen-Dechent, W.; Rath, B.; Knuechel, R.; Neuss, S. Hepatocyte growth factor-loaded biomaterials for

mesenchymal stem cell recruitment. Stem Cells Int. 2013, 2013, 892065. [CrossRef] [PubMed]
5. Xu, C.C.; Chan, R.W.; Weinberger, D.G.; Efune, G.; Pawlowski, K.S. Controlled release of hepatocyte growth factor from a bovine

acellular scaffold for vocal fold reconstruction. J. Biomed. Mater. Res. A 2010, 93, 1335–1347. [CrossRef] [PubMed]
6. Li, Y.; Meng, H.; Liu, Y.; Lee, B.P. Fibrin gel as an injectable biodegradable scaffold and cell carrier for tissue engineering. Sci. World

J. 2015, 2015, 685690. [CrossRef]
7. Al Enezy-Ulbrich, M.A.; Malyaran, H.; de Lange, R.D.; Labude, N.; Plum, R.; Rütten, S.; Terefenko, N.; Wein, S.; Neuss, S.; Pich, A.

Impact of Reactive Amphiphilic Copolymers on Mechanical Properties and Cell Responses of Fibrin-Based Hydrogels. Adv Funct
Materials 2020, 30, 2003528. [CrossRef]

8. van de Kamp, J.; Paefgen, V.; Wöltje, M.; Böbel, M.; Jaekel, J.; Rath, B.; Labude, N.; Knüchel, R.; Jahnen-Dechent, W.; Neuss, S.
Mesenchymal stem cells can be recruited to wounded tissue via hepatocyte growth factor-loaded biomaterials. J. Tissue Eng.
Regen. Med. 2017, 11, 2988–2998. [CrossRef]

9. Zhao, J.; Zhang, N.; Prestwich, G.D.; Wen, X. Recruitment of endogenous stem cells for tissue repair. Macromol. Biosci. 2008,
8, 836–842. [CrossRef]

10. Bhubhanil, S.; Talodthaisong, C.; Khongkow, M.; Namdee, K.; Wongchitrat, P.; Yingmema, W.; Hutchison, J.A.; Lapmanee, S.;
Kulchat, S. Enhanced wound healing properties of guar gum/curcumin-stabilized silver nanoparticle hydrogels. Sci. Rep. 2021,
11, 21836. [CrossRef]

11. Baei, P.; Jalili-Firoozinezhad, S.; Rajabi-Zeleti, S.; Tafazzoli-Shadpour, M.; Baharvand, H.; Aghdami, N. Electrically conductive
gold nanoparticle-chitosan thermosensitive hydrogels for cardiac tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2016,
63, 131–141. [CrossRef]

https://doi.org/10.1016/j.jbiosc.2013.05.031
https://www.ncbi.nlm.nih.gov/pubmed/23810667
https://doi.org/10.1016/j.biomaterials.2015.08.047
https://www.ncbi.nlm.nih.gov/pubmed/26344363
https://doi.org/10.1002/jbm.a.31978
https://www.ncbi.nlm.nih.gov/pubmed/18431776
https://doi.org/10.1155/2013/892065
https://www.ncbi.nlm.nih.gov/pubmed/23861688
https://doi.org/10.1002/jbm.a.32632
https://www.ncbi.nlm.nih.gov/pubmed/19876951
https://doi.org/10.1155/2015/685690
https://doi.org/10.1002/adfm.202003528
https://doi.org/10.1002/term.2201
https://doi.org/10.1002/mabi.200700334
https://doi.org/10.1038/s41598-021-01262-x
https://doi.org/10.1016/j.msec.2016.02.056


Gels 2024, 10, 402 21 of 22

12. Sharma, P.; Kumar, A.; Dey, A.D.; Behl, T.; Chadha, S. Stem cells and growth factors-based delivery approaches for chronic wound
repair and regeneration: A promise to heal from within. Life Sci. 2021, 268, 118932. [CrossRef] [PubMed]

13. Chen, S.; Wang, H.; Su, Y.; John, J.V.; McCarthy, A.; Wong, S.L.; Xie, J. Mesenchymal stem cell-laden, personalized 3D scaffolds
with controlled structure and fiber alignment promote diabetic wound healing. Acta Biomater. 2020, 108, 153–167. [CrossRef]

14. Zhang, X.; Kang, X.; Jin, L.; Bai, J.; Liu, W.; Wang, Z. Stimulation of wound healing using bioinspired hydrogels with basic
fibroblast growth factor (bFGF). Int. J. Nanomed. 2018, 13, 3897–3906. [CrossRef]

15. Moreno-Arotzena, O.; Meier, J.G.; Del Amo, C.; García-Aznar, J.M. Characterization of Fibrin and Collagen Gels for Engineering
Wound Healing Models. Materials 2015, 8, 1636–1651. [CrossRef] [PubMed]

16. Kyomugasho, C.; Christiaens, S.; van de Walle, D.; van Loey, A.M.; Dewettinck, K.; Hendrickx, M.E. Evaluation of cation-facilitated
pectin-gel properties: Cryo-SEM visualisation and rheological properties. Food Hydrocoll. 2016, 61, 172–182. [CrossRef]

17. Carr, M.E.; Shen, L.L.; Hermans, J. A physical standard of fibrinogen: Measurement of the elastic modulus of dilute fibrin gels
with a new elastometer. Anal. Biochem. 1976, 72, 202–211. [CrossRef] [PubMed]

18. Wedgwood, J.; Freemont, A.J.; Tirelli, N. Rheological and Turbidity Study of Fibrin Hydrogels. Macromol. Symp. 2013,
334, 117–125. [CrossRef]

19. Wufsus, A.R.; Rana, K.; Brown, A.; Dorgan, J.R.; Liberatore, M.W.; Neeves, K.B. Elastic behavior and platelet retraction in low-
and high-density fibrin gels. Biophys. J. 2015, 108, 173–183. [CrossRef]

20. Linnes, M.P.; Ratner, B.D.; Giachelli, C.M. A fibrinogen-based precision microporous scaffold for tissue engineering. Biomaterials
2007, 28, 5298–5306. [CrossRef]

21. Saeedi Garakani, S.; Khanmohammadi, M.; Atoufi, Z.; Kamrava, S.K.; Setayeshmehr, M.; Alizadeh, R.; Faghihi, F.; Bagher, Z.;
Davachi, S.M.; Abbaspourrad, A. Fabrication of chitosan/agarose scaffolds containing extracellular matrix for tissue engineering
applications. Int. J. Biol. Macromol. 2020, 143, 533–545. [CrossRef] [PubMed]

22. Navaei-Nigjeh, M.; Amoabedini, G.; Noroozi, A.; Azami, M.; Asmani, M.N.; Ebrahimi-Barough, S.; Saberi, H.; Ai, A.; Ai, J.
Enhancing neuronal growth from human endometrial stem cells derived neuron-like cells in three-dimensional fibrin gel for
nerve tissue engineering. J. Biomed. Mater. Res. A 2014, 102, 2533–2543. [CrossRef] [PubMed]

23. Ozeki, M.; Ishii, T.; Hirano, Y.; Tabata, Y. Controlled release of hepatocyte growth factor from gelatin hydrogels based on hydrogel
degradation. J. Drug Target. 2001, 9, 461–471. [CrossRef] [PubMed]

24. Moncion, A.; Arlotta, K.J.; O’Neill, E.G.; Lin, M.; Mohr, L.A.; Franceschi, R.T.; Kripfgans, O.D.; Putnam, A.J.; Fabiilli, M.L. In vitro
and in vivo assessment of controlled release and degradation of acoustically responsive scaffolds. Acta Biomater. 2016, 46, 221–233.
[CrossRef] [PubMed]

25. Brinkmann, J.; Malyaran, H.; Enezy-Ulbrich, M.A.A.; Jung, S.; Radermacher, C.; Buhl, E.M.; Pich, A.; Neuss, S. Assessment of
Fibrin-Based Hydrogels Containing a Fibrin-Binding Peptide to Tune Mechanical Properties and Cell Responses. Macro Materials
& Eng 2023, 308, 2200678. [CrossRef]

26. Ellis, D.R.; Eaton, A.S.; Plank, M.C.; Butman, B.T.; Ebert, R.F. A comparative evaluation of ELISAs for D-dimer and related
fibrin(ogen) degradation products. Blood Coagul. Fibrinolysis 1993, 4, 537–549. [CrossRef] [PubMed]

27. Seidel, C.; Børset, M.; Turesson, I.; Abildgaard, N.; Sundan, A.; Anders Waage for the Nordic Myeloma Study Group. Elevated
Serum Concentrations of Hepatocyte Growth Factor in Patients With Multiple Myeloma. Blood 1998, 91, 806–812. [CrossRef]
[PubMed]

28. Eguchi, S.; Yanaga, K.; Kanematsu, T. Serum Levels of Hepatocyte Growth Factor After Hepatectomy for Living Liver Donation.
Transplantation 2004, 78, 1089–1090. [CrossRef]

29. Sheen-Chen, S.-M.; Liu, Y.-W.; Eng, H.-L.; Chou, F.-F. Serum levels of hepatocyte growth factor in patients with breast cancer.
Cancer Epidemiol. Biomark. Prev. 2005, 14, 715–717. [CrossRef]

30. Lin, X.Y.; Wang, H.; Tan, Y. Role of Hepatocyte Growth Factor in Wound Repair. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 2018,
40, 822–826.

31. Dally, J.; Khan, J.S.; Voisey, A.; Charalambous, C.; John, H.L.; Woods, E.L.; Steadman, R.; Moseley, R.; Midgley, A.C. Hepatocyte
Growth Factor Mediates Enhanced Wound Healing Responses and Resistance to Transforming Growth Factor-β1-Driven
Myofibroblast Differentiation in Oral Mucosal Fibroblasts. Int. J. Mol. Sci. 2017, 18, 1843. [CrossRef] [PubMed]

32. Yamagamim, H.; Moriyama, M.; Matsumura, H.; Aoki, H.; Shimizu, T.; Saito, T.; Kaneko, M.; Shioda, A.; Tanaka, N.; Arakawa, Y.
Serum concentrations of human hepatocyte growth factor is a useful indicator for predicting the occurrence of hepatocellular
carcinomas in C-viral chronic liver diseases. Cancer 2002, 95, 824–834. [CrossRef] [PubMed]

33. Suehiro, A.; Wright, H.; Rousseau, B. Optimal concentration of hepatocyte growth factor for treatment of the aged rat vocal fold.
Laryngoscope 2011, 121, 1726–1734. [CrossRef] [PubMed]

34. Baldanzi, G.; Graziani, A. Physiological Signaling and Structure of the HGF Receptor MET. Biomedicines 2014, 3, 1–31. [CrossRef]
[PubMed]

35. Li, J.-F.; Duan, H.-F.; Wu, C.-T.; Zhang, D.-J.; Deng, Y.; Yin, H.-L.; Han, B.; Gong, H.-C.; Wang, H.-W.; Wang, Y.-L. HGF accelerates
wound healing by promoting the dedifferentiation of epidermal cells through β1-integrin/ILK pathway. Biomed Res. Int. 2013,
2013, 470418. [CrossRef] [PubMed]

36. Chan, G.K.Y.; Lutterbach, B.A.; Pan, B.-S.; Kariv, I.; Szewczak, A.A. High-throughput analysis of HGF-stimulated cell scattering.
J. Biomol. Screen. 2008, 13, 847–854. [CrossRef] [PubMed]

https://doi.org/10.1016/j.lfs.2020.118932
https://www.ncbi.nlm.nih.gov/pubmed/33400933
https://doi.org/10.1016/j.actbio.2020.03.035
https://doi.org/10.2147/IJN.S168998
https://doi.org/10.3390/ma8041636
https://www.ncbi.nlm.nih.gov/pubmed/26290683
https://doi.org/10.1016/j.foodhyd.2016.05.018
https://doi.org/10.1016/0003-2697(76)90522-4
https://www.ncbi.nlm.nih.gov/pubmed/942048
https://doi.org/10.1002/masy.201300111
https://doi.org/10.1016/j.bpj.2014.11.007
https://doi.org/10.1016/j.biomaterials.2007.08.020
https://doi.org/10.1016/j.ijbiomac.2019.12.040
https://www.ncbi.nlm.nih.gov/pubmed/31816374
https://doi.org/10.1002/jbm.a.34921
https://www.ncbi.nlm.nih.gov/pubmed/23963963
https://doi.org/10.3109/10611860108998780
https://www.ncbi.nlm.nih.gov/pubmed/11822818
https://doi.org/10.1016/j.actbio.2016.09.026
https://www.ncbi.nlm.nih.gov/pubmed/27686040
https://doi.org/10.1002/mame.202200678
https://doi.org/10.1097/00001721-199308000-00003
https://www.ncbi.nlm.nih.gov/pubmed/8218850
https://doi.org/10.1182/blood.V91.3.806
https://www.ncbi.nlm.nih.gov/pubmed/9446640
https://doi.org/10.1097/01.TP.0000132788.65045.1B
https://doi.org/10.1158/1055-9965.EPI-04-0340
https://doi.org/10.3390/ijms18091843
https://www.ncbi.nlm.nih.gov/pubmed/28837064
https://doi.org/10.1002/cncr.10732
https://www.ncbi.nlm.nih.gov/pubmed/12209727
https://doi.org/10.1002/lary.21816
https://www.ncbi.nlm.nih.gov/pubmed/21792961
https://doi.org/10.3390/biomedicines3010001
https://www.ncbi.nlm.nih.gov/pubmed/28536396
https://doi.org/10.1155/2013/470418
https://www.ncbi.nlm.nih.gov/pubmed/24490163
https://doi.org/10.1177/1087057108324497
https://www.ncbi.nlm.nih.gov/pubmed/18812567


Gels 2024, 10, 402 22 of 22

37. Vaghela, R.; Arkudas, A.; Horch, R.E.; Hessenauer, M. Actually Seeing What Is Going on-Intravital Microscopy in Tissue
Engineering. Front. Bioeng. Biotechnol. 2021, 9, 627462. [CrossRef] [PubMed]

38. Arakaki, N.; Kajihara, T.; Arakaki, R.; Ohnishi, T.; Kazi, J.A.; Nakashima, H.; Daikuhara, Y. Involvement of oxidative stress in
tumor cytotoxic activity of hepatocyte growth factor/scatter factor. J. Biol. Chem. 1999, 274, 13541–13546. [CrossRef]

39. Cao, Z.; Xie, Y.; Yu, L.; Li, Y.; Wang, Y. Hepatocyte growth factor (HGF) and stem cell factor (SCF) maintained the stemness of
human bone marrow mesenchymal stem cells (hBMSCs) during long-term expansion by preserving mitochondrial function via
the PI3K/AKT, ERK1/2, and STAT3 signaling pathways. Stem Cell Res. Ther. 2020, 11, 329. [CrossRef]

40. Umezaki, Y.; Hashimoto, Y.; Nishishita, N.; Kawamata, S.; Baba, S. Human Gingival Integration-Free iPSCs; a Source for MSC-Like
Cells. Int. J. Mol. Sci. 2015, 16, 13633–13648. [CrossRef]

41. Guan, N.; Liu, Z.; Zhao, Y.; Li, Q.; Wang, Y. Engineered biomaterial strategies for controlling growth factors in tissue engineering.
Drug Deliv. 2020, 27, 1438–1451. [CrossRef] [PubMed]

42. Yamane, K.; Mazaki, T.; Shiozaki, Y.; Yoshida, A.; Shinohara, K.; Nakamura, M.; Yoshida, Y.; Zhou, D.; Kitajima, T.;
Tanaka, M.; et al. Collagen-Binding Hepatocyte Growth Factor (HGF) alone or with a Gelatin- furfurylamine Hydrogel Enhances
Functional Recovery in Mice after Spinal Cord Injury. Sci. Rep. 2018, 8, 917. [CrossRef] [PubMed]

43. Neuss, S.; Becher, E.; Wöltje, M.; Tietze, L.; Jahnen-Dechent, W. Functional expression of HGF and HGF receptor/c-met in adult
human mesenchymal stem cells suggests a role in cell mobilization, tissue repair, and wound healing. Stem Cells 2004, 22, 405–414.
[CrossRef] [PubMed]

44. Suarez-Arnedo, A.; Torres Figueroa, F.; Clavijo, C.; Arbeláez, P.; Cruz, J.C.; Muñoz-Camargo, C. An image J plugin for the high
throughput image analysis of in vitro scratch wound healing assays. PLoS ONE 2020, 15, e0232565. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fbioe.2021.627462
https://www.ncbi.nlm.nih.gov/pubmed/33681162
https://doi.org/10.1074/jbc.274.19.13541
https://doi.org/10.1186/s13287-020-01830-4
https://doi.org/10.3390/ijms160613633
https://doi.org/10.1080/10717544.2020.1831104
https://www.ncbi.nlm.nih.gov/pubmed/33100031
https://doi.org/10.1038/s41598-018-19316-y
https://www.ncbi.nlm.nih.gov/pubmed/29343699
https://doi.org/10.1634/stemcells.22-3-405
https://www.ncbi.nlm.nih.gov/pubmed/15153617
https://doi.org/10.1371/journal.pone.0232565
https://www.ncbi.nlm.nih.gov/pubmed/32722676

	Introduction 
	Results and Discussion 
	Rheological and Structural Properties of Applied Fibrin Gels: Linking Gel Characteristics to Cellular Behavior 
	Rheology 
	SEM Analysis 

	Decoding Fibrin Gel Degradation Dynamics and Hepatocyte Growth Factor Release 
	D-Dimer ELISA 
	HGF-Elisa 

	Evaluating the Bioactivity of Hepatocyte Growth Factor Released from Fibrin Gels 
	Scratch Assay 
	Scatter Assay 

	Assessment of Fibrin-HGF Gels as Scaffold Materials: Morphological Insights from Two-Photon Microscopy 

	Conclusions 
	Materials and Methods 
	Cells 
	Fibrin Hydrogels with and without HGF 
	Mechanical Properties of Fibrin Gels: Rheology 
	Quantification of D-Dimer and HGF Levels via ELISA 
	Functional Assessment of Released HGF: Scratch and Scatter Assays 
	Experimental implementation of the Scratch Assay 
	Experimental implementation of the Scatter Assay 

	Immunofluorescence Staining and Microscopy 
	Quantification and Statistical Analysis 

	References

