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Stroke poses a considerable challenge for regenerative medicine due to the complex and 
multidimensional specificity of the central nervous system, and cell therapy is one of the currently 
considered treatments. The aim of this study was to determine the pro-regenerative outcome after 
transplantation of preconditioned and scaffold-encapsulated mesenchymal stem/stromal cells isolated 
from Wharton’s Jelly (WJ-MSCs) in an experimental rat model of brain injury. For this purpose, WJ-
MSCs cultured at different oxygen concentrations (21% O2 or 5% O2) were transplanted into the 
injured rat brain in saline or hydrogel scaffolds derived from human platelet lysate or fibrinogen. Using 
magnetic resonance imaging, we observed the signal of labelled WJ-MSCs at injection site at different 
time-points after transplantation. By diffusion-weighted imaging we detected the signal at the lesion 
site only after WJ-MSCs transplantation. Furthermore, cell transplantation resulted in a significant 
decrease in the extent of brain damage and dynamic change in the expression of investigated rat 
trophic factors (BDNF, GDNF, VEGF-A) in the brain and cerebrospinal fluid. The highest increase in this 
expression was observed after transplantation of physioxia-preconditioned and scaffold-encapsulated 
cells. The results demonstrated the regenerative effect of WJ-MSCs, which was enhanced by their 
transplantation within human protein-based hydrogel scaffolds in the rat model of brain injury.

Stroke is a civilization disease that affects approximately 15 million people worldwide per year. It is caused 
by cardiac embolism, obstruction of small vessels in the brain, or atherosclerosis that affects the cerebral 
circulation1 and results in transient or persistent focal cerebral ischemia. Stroke initiates a complex series of 
neurochemical processes, such as cell bioenergetic failure, excitotoxicity, oxidative stress, blood–brain barrier 
dysfunction, microcirculation damage, activation of homeostatic processes, post-ischemic inflammation, and 
ultimately death of neurons, glial cells, and endothelial cells2–4. Post-stroke inflammation causes some damage 
and cell death, but it simultaneously stimulates endogenous repair processes1.

Various trophic factors, such as brain-derived neurotrophic factor (BDNF) and glial cell-derived neurotrophic 
factor (GDNF) are involved in the survival and differentiation of nerve cells5 and they also play an important role 
in post-ischemic brain regeneration. BDNF regulates neuronal differentiation, cell survival, neurogenesis and 
synaptic plasticity in neurons in the peripheral and central nervous system6,7. Changes in BDNF expression level, 
both in peripheral blood and in CNS tissues, are associated with the pathogenesis of neural disorders, including 
ischemic stroke7,8. Moreover, it has been shown that BDNF is the earliest neurotrophic factor implicated in 
stroke in the middle cerebral artery occlusion (MCAO) ischemic model9.

GDNF is produced by glial cells and neurons and plays an important role in neuronal differentiation 
during development, as well as regulating the survival, migration, and differentiation of striatal dopaminergic 
neurons10. Therefore, GDNF-dependent signalling in the striatum is essential for local dopamine release11. In 
turn, lentivirally administered GDNF was reported to induce a long-term neurological recovery in the post-
acute stroke phase that was associated with brain remodelling in mice exposed to ischemia10. This observation is 
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especially important for the newborn neurons in the striatum as they were observed to die within the first weeks 
after ischemia12. In observations of damage to the central or peripheral nervous system, GDNF was also shown 
to promote the survival and regeneration of mature neurons, including motor and dopaminergic neurons13.

Another trophic factor associated with stroke pathology is the vascular endothelial growth factor (VEGF). 
VEGF is involved in several stages of neurodevelopment, including migration, differentiation, synaptogenesis, 
and myelination14,15. In addition, VEGF stimulates vascular processes such as angiogenesis and vasculogenesis, 
enhancing endothelial cell proliferation and migration16,17. During stroke, the blood–brain barrier (BBB) is 
disrupted due to the loss of blood vessel-associated pericytes, thus increasing vessel permeability and causing 
edema. In turn, the activation of VEGF signalling during stroke was found to stimulate vascular repair 
mechanisms and diminish infarct size18.

VEGF plays an important role in the regulation of the vascular endothelium by its participation in physiological 
and pathological neovascularization and upregulation of BBB vascular permeability to plasma proteins within 
minutes of exposure to ischemia19,20. However, the latter may cause neuroinflammation. Furthermore, it appears 
that the low levels of VEGF observed in a healthy adult brain are necessary for endothelial cell survival, while 
the higher levels observed in pathological situations are important for increased permeability and endothelial 
cell survival21. Together, these vascular processes contribute to the formation of an optimal microenvironment 
for neural stem cells that stimulate neuron regeneration, thereby demonstrating the important role of VEGF in 
the repair processes of the damaged brain13.

Since stroke has been a major public health problem with limited treatment in recent years, the demand 
for novel strategies for post-stroke treatment has increased significantly22. Mesenchymal stem/stromal cells 
(MSCs) are an exceptionally promising source to be used in regenerative medicine due to their paracrine and 
immunomodulatory properties, as well as their specific developmental “plasticity” which enables not only 
mesodermal but also ectodermal differentiation in vitro23,24. This particularly refers to the cells isolated from 
postnatal tissues, including Wharton’s jelly-derived MSCs (WJ-MSCs), due to their early developmental stage 
and the lack of expression of class II histocompatibility antigens (HLA-DR), which makes them immunologically 
privileged and attractive for allogeneic regenerative medicine applications23. MSCs can have a therapeutic effect 
in stroke, mainly by stimulating endogenous repair processes via the secretion of several neurotrophic factors 
such as BDNF, nerve growth factor (NGF), hepatocyte growth factor (HGF), VEGF, basic fibroblast growth 
factor (bFGF), or insulin-like growth factor 1 (IGF-1)25,26. The paracrine activity of MSCs has a beneficial effect 
on neuroregeneration, in part through interaction with neural progenitor cells (NPCs). The trophic factors 
secreted by MSCs stimulate astrogenesis, while oligodendrogenesis is also induced by direct contact of MSCs 
with NPCs27. Moreover, MSCs can be used as an adjuvant in combination therapies using biomaterials, drugs, 
and rehabilitation after stroke22.

However, the conditions under which MSCs are prepared before transplantation and delivered to damaged 
tissue (called “preconditioning”) can strongly influence cellular therapy outcomes. Recent studies have shown 
that MSCs cultures in physiological normoxia (1.5–5% O2—physioxia), may enhance their regenerative 
potential by stimulating their proliferation, migration, as well as antioxidant and anti-apoptotic properties28,29. 
After transplantation, MSCs were observed to inhibit microglia activity in the brain30. Moreover, our previous 
in vitro and ex vivo experiments showed that biomimetic preconditioning of WJ-MSCs in 5% of oxygen 
and suspension in fibrin or platelet lysate-based hydrogels enhanced their neuroprotective properties31. The 
expression levels of all of the analysed growth factors and cytokines were up-regulated when cells were cultured 
in a 3D microenvironment. Moreover, the organotypic hippocampal slices after the OGD (Oxygen–Glucose 
Deprivation) procedure that mimics an ischemic injury co-cultured with WJ-MSCs showed a significant 
reduction in cell death in the CA1 region. This effect was the strongest after co-culture with cells encapsulated in 
hydrogels and preconditioned in physiological normoxia31. Therefore, the appropriate preparation of stem cells 
before transplantation, such as selecting the source, method of isolation, and subsequent administration to the 
patient, should also include preconditioning of the cells in culture conditions possibly closest to those found in 
vivo.

For this reason, the aim of this paper was to verify in vivo whether the regenerative potential of WJ-MSCs 
was enhanced by their preconditioning in physioxia (5% O2) and by cell administration within 3D hydrogels 
made from human plasma-derived proteins. In the experimental rat model of ischemic stroke, we verified the 
parameters of the injured brain (damage area, water diffusion, signal from transplanted material), the level of rat 
BDNF, GDNF, and VEGF-A mRNA expression in the striatum and the protein secretion in cerebrospinal fluid 
(CSF) at different time points after injury and transplantation of WJ-MSCs.

Results
An overview of the experimental setup is depicted in Fig.  1a, and the timeline of the performed injury, 
transplantations and sample collections is shown in Fig. 1b. As a model of stroke, we used ouabain–induced 
rat brain injury that causes chemical blockade of the Na+/K+ ATP-ase pump and results in metabolic and 
structural changes in the brain mimicking ischemic damage. As a material for transplantation, we used human 
mesenchymal stem/stromal cells derived from Wharton’s Jelly and cultured either in standard 2D conditions in 
atmospheric oxygen (21%) or preconditioned in physioxia (5% O2)31. In order to deliver the cells to the animals 
we used either cell suspended in saline (2D) or we applied human plasma-derived proteins: fibrinogen (FB) or 
platelet lysate (PL) to encapsulate cells and produce scaffolds in the transplantation site. We also verified the 
influence of sham transplantations (saline, FB or PL alone) on tested regenerative outcomes.

Analysis of rat brain damage and WJ-MSCs distribution after transplantation
Cell labelling with iron oxide nanoparticles (SPIO) allows for their subsequent visualization and distribution 
analysis at different time points after transplantation. In this study, the microscopic analysis showed a high 
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efficiency of cell labelling with rhodamine B conjugated with iron oxide nanoparticles during 7-day in vitro 
culture under 5% O2 in 2D as well as in PL/FB scaffolds (Fig. 2a).

Initial phantom tests were performed to determine the minimum number of cells that could be visualized 
and produce a sufficient signal in magnetic resonance imaging. These tests allowed us to establish the optimal 
number of cells for transplantation into the injured rat brain. In the MRI (T2) sequence, the brightest signal 

Fig. 1.  The experimental setup (a) and timeline (b) of in vivo experiments. WJ-MSCs were cultured under 
21% O2 or 5% O2 and then transplanted in saline or PL/FB scaffolds into the injured rat brain. At various time 
points (1, 7, 14 and 21 days), rat tissue and cerebrospinal fluid (CSF) were collected for gene expression and 
protein level analysis. Tissue and CSF were collected from control (non-treated) animals and after brain injury 
without cell transplantation, as well as after the WJ-MSCs transplantation following brain injury. For MRI 
analysis, WJ-MSCs cultured under 5% O2 were labelled with SPIO and transplanted in saline (2D) or hydrogel 
scaffolds. At different time points (–D2, D0, D1, D7, D14, D21) after transplantation, as well as before and after 
brain injury without cell transplantation, animals were scanned using magnetic resonance to acquire images of 
the injury, cell distribution, and water diffusion. Following the scans, the areas of brain injury (lesion size) were 
measured. Created in BioRender. Pan, I. (2023) BioRender.com/w72h401.
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corresponds to the weakest signal (i.e., the lowest number of cells). As the number of cells increases, the signal 
becomes stronger, resulting in a darker image. Specifically, the brightest signal was observed at 1 × 105 cells 
(lowest number), while the darkest signal corresponded to 4 × 106 cells (highest number). Based on the phantom 
MRI results, the optimal number of cells for transplantation was estimated to be 5 × 105 cells (Fig. 2b,c).

After the brain injury and WJ-MSCs transplantation, as well as in the sham groups, the TurboRARE-T2 
imaging and diffusion-weighted imaging were performed at different time points (24 h after transplantation, 
Day 7, Day 14 and Day 21) (Figs. 3, 4, 5).

After ouabain injection (OUA), brain damage in the striatum of the right hemisphere was observed (Figs. 3 
and 4, red arrows). The labelled WJ-MSCs were transplanted into the lesion site (striatum) where the signal 
generated by the SPIO-labelled cells (black signal at the damage site) was detected 24 h later in the 2D + WJ-
MSCs group, as well as in 3D PL + WJ-MSCs and 3D FB + WJ-MSCs groups (Fig. 3a, yellow arrows). The strong 
signal remained at a high level throughout the entire experiment (post-transplantation Day 7, Day 14 and Day 
21). Interestingly, 24 h after transplantation, the labelled WJ-MSCs were only located focally in the lesion area, 
while on post-transplantation Day 7, 14 and 21 the signal generated by the iron oxide nanoparticles was also 
observed at various sites of the damaged striatum, including the site of cell administration. At this imaging 
resolution, no cell migration beyond the cortico-striatal lesion was observed.

The rat brain measurements performed after MRI were used to determine the extent of the striatal damage at 
various time points (24 h, Day 7, Day 14, and Day 21). After injection of ouabain, which mimics post-ischemic 
stroke changes, a loss of 32.92 ± 1.8% of the injured hemisphere (Fig. 3c) was observed and the damaged area was 
found to increase during ongoing experiments, at 7, 14, and 21 days time points in the OUA group (41.48 ± 2.25%, 
46.95 ± 2.66% and 54.31 ± 4.03%, respectively).

A significant reduction in post-WJ-MSCs transplantation lesion size (Fig.  3c) was observed. Already 
24  h after cell transplantation, a reduced damaged area in the group with cells suspended in hydrogels was 
observed, however, the reduction was not statistically significant (29.62 ± 0.89% for 3D PL + WJ MSCs group, 

Fig. 2.  In vitro analysis of WJ-MSCs in 2D or in 3D hydrogels cultured under 5% O2. The images of cells in 
brightfield and labelled with superparamagnetic iron oxide nanoparticles (SPIO) conjugated with rhodamine 
B (red fluorescence) during a 7-day culture (a). Eppendorf tubes containing varying numbers of labelled cells 
were embedded in an agarose gel (phantom) (b) and visualized using MRI. The signal intensity varies based on 
the number of labelled cells (c). Scale bars = 100 and 500 µm. Created in BioRender. Pan, I. (2023) BioRender.
com/w72h401 (b).
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and 26.74 ± 2.51% for 3D FB + WJ-MSCs group) (Fig. 3c). Day 7 correlated with an increased size of the damaged 
area in OUA group, while the transplantation of saline-suspended cells as well as cells in PL scaffolds caused a 
statistically significant reduction of the damaged brain area to the values of 34.77 ± 0.59% and 32.77 ± 2.28%, 
respectively. The transplantation of both types of scaffolds also resulted in a statistically significant reduction 
in the damaged brain area measured 14 and 21 days after transplantation (35.63 ± 1.55% for 3D PL + WJ-MSCs 
group, and 33.26 ± 3.66% for 3D FB + WJ-MSCs group). At the last time point (Day 21) the largest post-WJ-
MSCs transplantation decrease of the brain damage extent was observed in the animals that received WJ-
MSCs suspended in FB scaffolds (43.04 ± 2.94% in 2D + WJ MSCs, 38.71 ± 1.66% in 3D PL + WJ MSCs, and 
35.48 ± 0.73% in 3D FB + WJ MSCs group) (Fig. 3c).

In sham experiments, during the first week post-transplantation, the administration of any of the analysed 
vehicles (saline or PL/FB scaffolds) did not provide statistically significant protection against brain damage 
(Fig.  4b). However, in the following two weeks (Days 14 and 21), a reduction in lesion size was observed. 
Notably, a statistically significant difference was detected only in animals that received platelet lysate-based 
scaffolds (Fig. 4b). A comparison of the effects of cell transplantation versus sham injection on lesion size at 
various time points across all experimental groups revealed statistically significant differences only in animals 
that received cells in fibrin scaffolds (3D FB + WJ MSCs) and those that received cell-free fibrin scaffolds (FB 
sham). This effect was observed at all analyzed time points (24 h, Day 7, Day 14, and Day 21). Transplantation of 
cells encapsulated in FB scaffold led to a more pronounced reduction in lesion size compared to injection of the 
scaffold alone. Additionally, 21 days after WJ-MSCs transplantation or sham injection, a significant difference 
was observed between the 2D + WJ MSCs group and the 2D sham group, with both showing a comparable effect 
in reducing the injured area in the rat brain (Fig. 4c).

The diffusion-weighted imaging was also performed in the animals with transplanted cells as well as in the 
sham groups. As the DWI shows the directions of movement of the water molecules in the scanned tissue 
and the technique was used to verify the presence of water diffusion in the lesion site. After ouabain-induced 
brain injury (in our OUA group), a loss of diffusion was observed in the injured area (right hemisphere), while 
after WJ-MSCs transplantation into the striatum, a clear signal was observed in the lesion area during ongoing 
experiments (Fig. 5a, yellow circles). No similar results were detected at different time points after the brain 

Fig. 3.  MRI images of rat brains after focal injury and transplantation of WJ-MSCs cultured under 5% O2 and 
suspended in saline (2D) or PL/FB scaffolds. In the striatum, damaged areas (red arrows) and transplanted 
WJ-MSCs labelled with iron oxide nanoparticles (yellow arrows indicating a black signal) are visible (a). The 
picture of injured hemisphere shows a decrease in volume (b). Volume measurements were taken at following 
time points: 24 h, 7, 14 and 21 days post-transplantation (c). Data are presented as a mean ± SD. Statistical 
analysis was performed using One Way ANOVA followed by Tukey’s multiple comparisons test and compared 
to the lesion size after ouabain injection without cell/sham transplantation (n = 3, area calculated from three 
animals; **p < 0.01; ***p < 0.001; ****p < 0.0001; + p < 0.05), with "+" denoting statistical significance between 
transplantation in saline versus PL and FB scaffolds.
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injury where no WJ-MSCs were transplanted, or in 2D sham or 3D PL sham/ 3D FB sham groups (Fig. 5b), 
which indicates that the signal of diffusing water molecules was related to cell transplantation.

Immunohistochemical analysis of the localization iron oxide nanoparticle-labelled WJ-MSCs 
in the injured rat brain
The location of the WJ-MSCs transplanted in saline and platelet lysate- or fibrinogen-based scaffolds was analysed 
21 days after their transplantation into the injured rat brain. The signal generated by iron oxide nanoparticles 
conjugated with rhodamine B was observed at the border of the cortico-striatal lesion, around the damage site in 
all experimental groups at Day 21 time point (Supplementary Fig. 1a–c, arrows). In the OUA group signal was 
not detected (Supplementary Fig. 1d). In addition, immunohistochemical analysis showed a significant loss of 
tissue as a result of brain damage.

Analysis of the mRNA expression of rat neurotrophic and growth factors after focal brain 
injury as compared to the control group
The level of mRNA expression of rat markers: BDNF, GDNF, and VEGF-A was analysed in the control group 
(non-treated animals) and in the study animals (after ouabain-induced injury) at 24 h, 7, 14, and 21 days’ time 
points (Fig. 6). The evaluation of the expression level of the above markers was analysed in the striatum collected 
from the injured hemisphere of the study rat brains.

The most considerable increase in the expression level of all the analysed markers was detected at 24 h’ time 
point. The elevated gene expression was sustained for BDNF for all the subsequent time points, while for GDNF 
and VEGF-A the increase was not statistically significant on days: 7, 14 and 21 of our analysis. At these time 
points a similar level of mRNA for GDNF and VEGF-A was observed, however, the level was statistically lower 
than at 24 h’ time point (Fig. 6a–c).

Fig. 4.  MRI images of rat brains following focal injury and injection of saline (2D) or PL/FB control scaffolds 
(sham) (a) and analysis of the lesion size in the sham groups (b). Table with statistical analysis presenting 
comparison of the influence of transplantation of cells encapsulated in scaffolds versus sham injection on 
the lesion size at various time points (c). The results are presented as a mean ± SD. Statistical analysis was 
performed using One Way ANOVA followed by Tukey’s multiple comparisons test and compared to the lesion 
size after ouabain injection without cell/sham transplantation (n = 3, area calculated from three animals; 
*p < 0.05; ***p < 0,001; ****p < 0,0001).
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Analysis of the mRNA expression of rat neurotrophic and growth factors after focal brain 
injury and WJ-MSCs transplantation
We intended to assess whether cell preconditioning at 5% O2 prior to transplantation and the application of 
hydrogel scaffolds would improve the regenerative parameters of WJ-MSCs which is the effect observed after 
stimulation of the mRNA expression level of host tissue-derived markers: BDNF, GDNF, and VEGF-A. These 
factors were analysed in the striatum collected from the injured (post-focal) hemisphere at 24  h, 7, 14, and 
21  days’ time points after brain damage induction and WJ-MSCs transplantation in saline (2D) or PL/FB 
hydrogel scaffolds, as well as in the sham groups.

Twenty-four hours after transplantation of WJ-MSCs, no increase in rat BDNF mRNA expression was 
observed in the injured striatum, regardless of the method of the cell administration (saline or scaffolds) and 
irrespective of the WJ-MSCs culture conditions before transplantation (21% O2 vs. 5% O2). In the following 
days, an increase in the level of BDNF expression was observed 7 days after cell transplantation when compared 
to OUA group. The same effect was observed after 14 days and was maintained on Day 21 of the observation. The 
WJ-MSCs administration method and in vitro culture conditions prior to transplantation did not significantly 
affect the expression of BDNF at 24  h and on Day 7 and Day 14. On Day 21 of our investigation the most 
substantial increase in mRNA expression level was observed in the animals that received PL scaffolds with WJ-
MSCs previously cultured under physioxia conditions (5% O2) (Fig. 7a).

The analysis of rat GDNF showed a tendency toward a decrease of mRNA expression level in the injured 
rat striatum 24 h after WJ-MSCs transplantation, regardless of the cell administration method and WJ-MSCs 
culture conditions before transplantation. On post cell transplantation Day 7, a change in the level of GDNF 
expression was observed, with statistically significant changes detected in the animals with the transplanted 
cells which had been preconditioned in physioxia and suspended either in saline (2D 5% O2) or encapsulated 
in PL scaffolds (3D PL 5% O2), which was not observed in OUA group. After 14 and 21  days of WJ-MSCs 
transplantation, a similar effect was observed: GDNF mRNA expression was maintained at a higher level than in 
OUA group. Furthermore, the highest levels of mRNA expression were observed in the injured rat striatum after 
cell transplantation in scaffolds, especially in PL-based hydrogel, as compared to saline injection. In addition, on 

Fig. 5.  MRI images of the diffusion direction of water molecules (diffusion-weighted imaging, DWI) in rat 
brains after transplantation into the injured animals. Rats received WJ-MSCs cultured under 5% O2 in saline 
(2D) or PL/FB scaffolds (a) or sham injections of saline or empty PL/FB scaffolds (b). Diffusion directions 
are color-coded: red for left ↔ right, green for anterior ↔ posterior, and blue for foot ↔ head. Yellow circles 
highlight the signal detected during diffusion-weighted imaging at the lesion site after cell transplantation, 
which was absent after the injury (OUA group) (a), and in sham groups (b). Representative images were 
acquired from three animals per experimental group at each time point.
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the last day of the experiment, cell preconditioning under physioxia was also observed to increase the level of 
mRNA expression of rat GDNF in the injured striatum which was not observed in the transplanted cells grown 
under 21% O2 conditions (Fig. 7b).

Twenty-four hours after WJ-MSCs transplantation, a statistically significant decrease in VEGF-A mRNA 
expression was observed in the injured rat striatum, regardless of the cell administration method (whether saline 
or hydrogel scaffolds) and WJ-MSCs culture conditions prior to transplantation (21% O2 vs. 5% O2), while 
from Day 7 onward, a gradual increase in VEGF-A expression levels were observed in the injured rat striatum 
after WJ-MSCs transplantation, which was not detected in the OUA group. Similar effects were observed 
14 and 21  days after transplantation of WJ-MSCs. A statistically significant increase in VEGF-A expression 
was observed in all experimental groups except for the post-focal injury group and the group that received 
fibrinogen-based hydrogels. The in vitro WJ-MSCs culture conditions before transplantation and the method 
of their administration did not have a significant impact on the changes in the mRNA expression level of rat 
VEGF-A. A similar expression level of this growth factor was observed in all experimental groups at a later stage 
of stroke (Fig. 7c).

In the sham groups, no increase in the level of rat BDNF expression was observed 24 h after saline/control 
scaffolds injection into the injured rat brain. After 7 days, a lower level of mRNA expression was observed than 
after the WJ-MSCs transplantation. After 14 and 21 days, the mRNA expression level in the sham groups was 
comparable to the expression level observed after the WJ-MSCs transplantation (Fig. 7a).

Lower levels of mRNA expression of rat GDNF were recorded in the sham groups at 24 h, 7, 14, and 21 days 
after saline/control scaffolds injection than in the OUA group and the groups after saline- and hydrogel-based 
cell transplantation (Fig. 7b).

Twenty-four hours after saline/control scaffolds injection, a decrease in VEGF-A expression level was 
observed in sham groups, as opposed to OUA group. After 7, 14, and 21 days, the VEGF-A mRNA expression 
level in sham groups was comparable to the mRNA expression level observed after the WJ-MSCs transplantation 
(Fig. 7c).

Analysis of the rat neurotrophic and growth factors concentration in the cerebrospinal fluid 
after focal brain injury and WJ-MSCs transplantation
The concentration of rat markers: BDNF, GDNF, and VEGF-A was analysed at various time points (24 h, Day 7, 
Day 14, Day 21) after brain damage and WJ-MSCs transplantation. The concentration level of these proteins was 
analysed in the cerebrospinal fluid collected from the rat cisterna magna.

The concentration of BDNF in the rat cerebrospinal fluid after focal injury (ouabain-induced) increased 
significantly at each tested time point when compared to the no-injury animals (36.80 ± 10.85 pg/mL). At the 
24 h, the BDNF level was recorded at 150.13 ± 92.46 pg/mL, on Day 7 at 82.80 ± 76.37 pg/mL, on Day 14 at 
48.80 ± 21.17 pg/mL, and on Day 21 at 48.80 ± 22.63 pg/mL. In our sham groups an increased concentration 
of BDNF was observed only at 24  h’ time point. After saline injection, the BDNF concentration was 
106.13 ± 66.01 pg/mL, and it reached the values of 218.80 ± 121.62 pg/mL and 182.80 ± 234.76 pg/mL for PL 
scaffolds and FB scaffolds respectively. In the following days of analysis, the BDNF concentration observed in 
the animals from sham groups remained at a level similar to that observed in the controls (Fig. 8a). A significant 

Fig. 6.  Analysis of rat neurotrophic and growth factors expression at mRNA level in the injured rat brain 
(OUA groups) at different time points (24 h, Day 7, Day 14, and Day 21) compared to the non-treated 
animals (control group). The relative expression level of the analysed genes was normalized to the value of 
GAPDH reference gene. Results are presented as a mean ± SD, with the control group set to a value of 1. The 
"*" symbol indicates comparison of the statistically significant difference in expression levels in the rat brain 
after injury versus control. The "#" symbol indicates comparison of the expression level in the rat brain at 
different time points after focal injury. Statistical analysis was performed using One Way ANOVA followed by 
Tukey’s multiple comparisons test (n = 12, samples collected from 4 animals analysed in triplicate; ***p < 0.001; 
****p < 0.0001; #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001).
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increase in BDNF concentration was observed 24  h after WJ-MSCs transplantation, especially when cells 
were encapsulated and transplanted in hydrogels. At this time point the highest level of BDNF in the CSF was 
observed in the 3D PL 21% O2 group (520.80 ± 246.07 pg/mL) and in the animals that received cells cultured 
under 5% O2 and transplanted in FB scaffolds (455.80 ± 159.81 pg/mL). In the other experimental groups, 24 h 
after WJ-MSCs transplantation the concentration of BDNF amounted to: 179.47 ± 88.03 pg/mL (2D 21% O2), 
387.80 ± 159.81 pg/mL (3D FB 21% O2), 110.81 ± 31.11 pg/mL (2D 5% O2), and 292.80 ± 50.91 pg/mL (3D PL 
5% O2). On the next days of observation, in these experimental groups, an increase in BDNF concentration was 
observed as compared to the concentration in CSF after brain injury without cell transplantation. Furthermore, 
BDNF concentration remained at a higher level after WJ-MSCs transplantation in the scaffolds, especially in FB 
hydrogels, as compared to the 2D (Fig. 8a).

A decreased concentration of GDNF was recorded in post-focal injury rat CSF as compared to the 
level observed in the control animals (190 ± 114.90  pg/mL). At the next time points, the level of GDNF 
decreased, however, substantial differences within the group of animals were detected: 158.75 ± 212.13  pg/
mL at 24 h, 83.75 pg/mL on Day 7, 171.25 ± 229.81 pg/mL on Day 14, and 71.25 ± 53.03 pg/mL on Day 21. 
The saline and control scaffolds injection resulted in an increase in GDNF concentration only 24 h after PL 
scaffolds transplantation (229.58 ± 191.35 pg/mL), while at subsequent time points similar or reduced GDNF 
concentration levels were observed in the 2D sham and 3D FB sham groups as compared to the post-focal injury 
groups (Fig.  8b). The transplantation of WJ-MSCs, especially in 3D, caused a significant increase of GDNF 
level in CSF at 24 h’ time point. The highest level was observed when the cells were injected in PL scaffolds 
cultured in both tested oxygen conditions (546.25 ± 249.69 pg/mL for 21% O2 and 402.50 ± 26.52 pg/mL for 5% 
O2). The elevated GDNF level continued to be seen for experimental groups on the next days of observation: 
7 days after WJ-MSCs transplantation, as well as 14 days after transplantation of the cells cultured under 21% O2 
conditions and then transplanted in FB scaffolds (346.25 ± 53.03 pg/mL) and WJ-MSCs cultured under 5% O2 
and transplanted in saline (308.75 ± 106.07 pg/mL). 21 days after the cell transplantation, a similar or reduced 
level of GDNF concentration was observed when compared to the post-focal injury groups. For some collected 
samples, the concentration of GDNF in the analysed CSF was below the detection level (Fig. 8b).

The VEGF-A concentration in the rat CSF after focal injury was comparable to the level observed in the 
control animals (78.10 ± 4.38  pg/mL). After injection of saline or control scaffolds, a lower concentration of 
VEGF-A was observed, particularly after 24 h. On the following days of analysis, the VEGF-A concentration 
detected in the animals that received saline or PL scaffolds remained at a similar level as observed in the controls 
(approximately 75  pg/mL). However, after injection of control FB scaffolds, the concentration of VEGF-A 
remained at a lower level than observed in the control group—about 65 pg/mL (Fig. 8c). The concentration 
of VEGF-A was recorded at a similar level (about 80 pg/mL) 24 h after WJ-MSCs transplantation in 2D and 
scaffolds or even lower after transplantation of the cells cultured under 21% O2 conditions and injected in FB 
scaffolds (67.37 ± 3.04 pg/mL). On Day 7, the highest VEGF-A concentration was observed after transplantation 
of the cells cultured under 21% O2 conditions and transplanted in saline or PL scaffolds (about 84  pg/mL), 
while the lowest concentration was observed after transplantation of WJ-MSCs cultured under 5% O2 conditions 
and transplanted in saline or FB scaffolds (approximately 69 pg/mL). The peak of VEGF-A concentration was 
observed 14  days after transplantation of WJ-MSCs cultured in 21% O2 and encapsulated in PL scaffolds 
(87.15 ± 9.65 pg/mL), and cells preconditioned under 5% O2 and transplanted in FB scaffolds (87.40 ± 22.32 pg/
mL). 21 days after the cell transplantation, the VEGF-A concentration remained at a similar level (about 74 pg/
mL) in all experimental groups (Fig. 8c).

Discussion
The development of efficient, repeatable and safe methods of obtaining, culturing, and transplantation of stem 
cells increases the possibility of effective use of cell therapy in regenerative medicine. As far as cell therapy 
for CNS disorders is concerned, to date no reports have shown a successful regeneration of damaged tissue 
along with the restoration of functional nervous circuits. The positive therapeutic effect observed in clinical 
trials so far concerned mainly the paracrine (secretory) properties of transplanted MSCs but not their ability 
to differentiate and functionally integrate with damaged tissue32. Therefore, this study focused primarily on 
the potential enhancement of the pro-regenerative characteristics of MSCs. These properties can be further 
improved by biomimetic microenvironmental conditions, such as cell culture in 5% O2 and a delivery to injured 
host tissue in the injectable biomaterial (e.g., fibrinogen or platelet lysate-derived hydrogel scaffolds). The novelty 
of this study lies primarily in the use of protein-based hydrogel scaffolds, which could potentially be customized 
for personalized therapy using patient’s own plasma. Such an approach may enhance the endogenous repair 
mechanisms by increasing the level of regeneration-supporting growth factors. This study showed that the 
above-mentioned hydrogels could be injected into the injured brain in a liquid form which facilitates their 
adjustment and fills the lesion before cross-linking occurs. Such hydrogels can be delivered to the damaged site 
using minimally invasive techniques33. The surgical brain injury model based on ouabain injection effectively 
replicates key aspects of ischemic injury. Based on our findings, we demonstrated that preconditioning cells in 
physioxia, along with encapsulating them in hydrogel scaffolds derived from plasma proteins, positively impacts 
their pro-regenerative potential. No data focusing on this type of human-derived scaffolds combined with 
physioxia conditions are currently available. To obtain such conditions the chamber that maintains constant 
oxygen and CO2 level, as well as stable temperature of 37  °C was used to prepare cells for ischemic stroke 
treatment. In this study, we analysed both the short-term and long-term effects of transplanted cells, not only in 
the injured tissue but also in the cerebrospinal fluid, to assess both local and systemic responses in the recipient 
tissue (Fig. 1). The MR imaging performed in all our experimental groups proved that the cells remained in 
the injection site, however, no WJ-MSCs migration to the other brain structures was observed (Fig. 3). This 
indicates that the cells remain exactly at the site of their transplantation, which produces advantageous effects 
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because of their paracrine neuroprotective effect. The signal generated by WJ-MSCs labelled with the iron oxide 
nanoparticles was detected at 1, 7, 14, and 21 days after the transplantation. Moreover, the immunohistochemical 
analysis confirmed localization of rhodamine B around the lesion site even on the last day of our experiment 
(Day 21) (Supplementary Fig. 1). Whether the signal observed in MRI came from live WJ-MSCs or from rat 
macrophages that phagocytosed WJ-MSCs labelled with iron nanoparticles was not the subject of this study and 
needs to be investigated further. However, in addition to standard MR (TurboRARE-T2 sequence) imaging we 
also performed diffusion-weighted imaging. This method is based on the water molecules diffusion properties 
in the intercellular space and allows for the stroke lesions to be detected at a very early stage34. Individual areas 
of the brain affected by ischemic changes show reduced diffusion due to changes in the permeability of cell 
membranes. This leads to disturbance and inhibition of Brownian motion at the stroke area and the changes can 
be detected in DWI34,35. Our DWI records revealed a loss of diffusion at the site damaged by ouabain-induced 
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brain injury (Fig.  5). However, after WJ-MSCs transplantation in saline, PL and FB scaffolds, a clear signal 
was observed at the lesion site at all experimental time points and in all study groups, beside the sham groups 
(Fig. 5). The signal in DWI (Fig. 5, yellow circles) indicating the presence of water molecules diffusion detected 
in the damaged area after cell transplantation, but not in sham groups, confirms the viability of WJ-MSCs at this 
site in all verified experimental time points.

We also verified whether the type of transplanted material (either cells, scaffolds or biomaterial combined 
with WJ-MSCs) would affect the size of damaged brain area. The observed significant reduction of lesion 
size by transplanted WJ-MSCs (Fig.  3), especially when cells were injected in hydrogels, indicates their 
strong neuroprotective effect facilitating the survival of neuronal cells, particularly pronounced on day 21 of 
the observation (Fig.  3c). This can be explained by additional protection the transplanted cells due to their 
encapsulation in the scaffolds, which improved their post-transplant survival36. While the sham scaffold also 
reduced lesion size (3D PL sham vs OUA, Fig. 4a,c), incorporating WJ-MSCs into the hydrogels synergistically 
enhanced the positive neuroprotective effect on the penumbra area (Fig. 4c). In addition, the immunomodulatory 
properties of the protected WJ-MSCs can make them act effectively in the penumbra which directly surrounds 
the ischemic core37. That suggests that in that area there was no cell death which usually accompany the process 
of enlarging area of necrosis after the stroke. Moreover, we indicated that even control hydrogel scaffolds 
transplantation could have a beneficial effect on the reduction of brain damage, however, not as strong as was the 
case in WJ-MSCs transplantation. Similarly, the results reported by Li et al. showed that traumatic brain injury in 
a mice model treated with mouse BM-MSCs suspended in the injectable hydrogel scaffold, made from gelatine 
hydrogel cross-linked by horseradish peroxidase and choline oxidase, significantly reduced the brain damage 
area, alleviated neuronal inflammation and apoptosis, facilitated the survival and proliferation of endogenous 
nerve cells, and promoted the restoration of neurological functions38. The structure and composition of the 
scaffolds used in the sham groups differ and this can lead to varying effects on the injured brain and the tissue 
response. The scaffolds themselves contain a variety of components, including growth factors, cytokines, and 
vitamins which are absent in saline. This is clearly reflected in the differences observed in lesion size following 
the injection of saline versus PL/FB scaffolds. In our previous in vitro studies31, we also observed a significant 
effect of the scaffolds on WJ-MSCs encapsulated inside the scaffold as well as after the indirect co-culture of 
cells in 2D and 3D with the organotypic hippocampal slices in the ischemic ex vivo model. In this model cells 
cultured in scaffolds inhibited the cell death in CA1 hippocampal region after temporary ischemic episode much 
more efficiently than cells cultured in 2D. This provides a strong evidence, that the scaffold could influence 
significantly the properties of encapsulated cells but also can affect the surrounding microenvironment. In other 
studies, a hydrogel consisting of sodium alginate and hyaluronic acid was used for WJ-MSCs transplantation 
into Sprague-Dawley rats after the traumatic brain injury. A significant restoration of the animals’ motor 
skills was observed already 14 days after the cell transplantation. Moreover, some researchers reported their 
histological analysis which showed an increased presence of WJ-MSCs after their transplantation in hydrogels, 
which indicates that the scaffolds provided protection for transplanted cells and allowed for their migration to 
the lesion site39.

After the injury, the immune, nervous and endocrine systems are mobilized, which is crucial for the proper 
tissue regeneration process which includes the phases of inflammation, cell proliferation and migration, tissue 
remodelling, and activation of e.g., macrophages and progenitor cells40,41. Transforming growth factor β (TGF-
β), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), VEGF, IL-6, and IL-8 are some of the 
most important factors in this process40,41. The observed increase in rat BDNF, GDNF, and VEGF-A expression 
levels in response to the ouabain-induced injury, especially within the short timespan (24 h) (Fig. 6) indicates 
the initiation of an endogenous neuro- and vasculo-protective process. When comparing the expression levels of 
the analysed markers recorded after the cell transplantation and in the injured rat striatum where no cell therapy 
was applied, it can be concluded that WJ-MSCs are strongly engaged in neurorepair mechanisms directly in 
the injured tissue. This effect was especially marked for WJ-MSCs cultured under physioxia conditions and 
then transplanted in PL scaffolds, where rat BDNF and GDNF expression level increased 7  days after cell 
transplantation and remained at the elevated level for the next weeks of observation (post-transplantation Day 
14 and Day 21) thereby suggesting a long-term activation of the endogenous repair mechanisms (Fig. 7). The 
elevated VEGF-A expression we observed shortly after the injury is consistent with the report by Ghori et al. 
(2022) (Fig. 6)18. Surprisingly, transplantation of WJ-MSCs lowered VEGF-A expression at 24 h time point, 
but then significantly increased mRNA expression for VEGF-A in the next two weeks, promoting angiogenesis 
and vasculogenesis (Fig.  7). Similar results were also obtained by other research groups. Torres-Espín et al. 

Fig. 7.  Analysis of rat neurotrophic and growth factors expression at mRNA level in injured rat brains 
following transplantation of WJ-MSCs cultured under 21% O2 or 5% O2 conditions and transplanted in 
saline (2D) or hydrogel scaffolds (3D PL and 3D FB), along with sham injections of saline or control scaffolds 
at various time points (24 h, 7, 14 and 21 days) and in the control group (non-treated animals). Relative 
quantification was normalized to the GAPDH reference gene. Results are presented relative to the expression 
level in the injured rat brain (OUA) used as a calibrator group (value = 1, statistical significance indicated by 
"*"). Data are shown as a mean ± SD. The "#" symbol indicates a comparison of expression levels based on 
the aerobic conditions under which WJ-MSCs were cultured before transplantation, while the "+"symbol 
indicates a comparison between different forms of WJ-MSC transplantation: either in saline or within PL/FB 
scaffolds. Statistical analysis was performed using One Way ANOVA followed by Tukey’s multiple comparisons 
test (n = 12, samples collected from four animals analysed in triplicate; *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001; #p < 0.05; ###p < 0.001; ####p < 0.0001; +p < 0.05; ++p < 0.01; +++p < 0.001; ++++p < 0.0001).
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showed that BM-MSCs obtained from Sprague-Dawley rats and transplanted immediately after the spinal cord 
injury increased the expression of genes related to the protection and tissue regeneration. When the cells were 
transplanted 7 days after the injury, the decreased expression of genes related to tissue regeneration was observed. 
The most important change after MSCs transplantation was an increase in gene expression associated with the 
immune system foreign body reaction. Regarding MSCs transplantation, it was suggested that the observed 
therapeutic effect in spinal cord injury resulted from cells ability to secrete and/or induce the expression of 

Fig. 8.  A heatmap displays the concentration level of rat neurotrophic and growth factors in the cerebrospinal 
fluid collected at various time points (24 h, 7, 14 and 21 days) after cell transplantation. Control groups 
consisted of non-treated rats (control) and rats after ouabain treatment (OUA). WJ-MSCs cultured under 21% 
O2 or 5% O2 were transplanted in saline (2D) or hydrogel scaffolds (3D PL/3D FB) into the animals having 
ouabain-induced focal injury. The animals obtaining saline injection or cell-free scaffolds transplantation 
constituted the sham groups in this experiment. The results are presented as a mean ± SD. Lighter colors on the 
heatmaps represent higher concentrations of growth factors, while darker colors indicate lower concentrations 
of the analyzed markers in cerebrospinal fluid. Statistical analysis was performed using One Way ANOVA 
followed by Tukey’s multiple comparisons test (n = 4, samples collected from four animals; *p < 0.05; **p < 0.01; 
***p < 0.001). The following statistically significant differences were observed: for BDNF: control vs. 3D PL 21% 
O2 24 h (***p < 0.001); control vs. 3D FB 21% O2 24 h (*p < 0.05); control vs. 3D FB 5% O2 24 h (**p < 0.01); 
OUA 24 h vs. 3D PL 21% O2 24 h (*p < 0.05); 2D 21% O2 24 h vs. 3D PL 21% O2 24 h (*p < 0.05); for GDNF: 2D 
21% O2 7d vs. 3D PL 21% O2 7d (*p < 0.05); for VEGF-A: OUA 24 h vs. 3D PL sham 24 h (*p < 0.05); OUA 14d 
vs. 3D FB sham 7d (**p < 0.01); 3D FB sham 14d vs. 3D FB 5% O2 14d (*p < 0.05).
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protective molecules, such as BDNF and GDNF, to modulate inflammation and create a more favourable 
environment for axon regeneration and reconstruction of nerve tissue42.

We have previously shown in the in vitro and ex vivo experiments that WJ-MSCs expressed certain 
therapeutic agents, such as growth (BDNF, GDNF, VEGF-A), and immunomodulatory (TGF-β1, IL-6, IL-1β) 
factors and that 5% O2 preconditioning and mainly cell hydrogel application exerted a positive effect on the 
expression profile of these factors. Importantly, this profile undergoes strong changes after WJ-MSCs exposition 
to the injured tissue31. Here in our in vivo experiments, we found that cell preconditioning in physioxia can 
additionally alter the effect that cells in hydrogels exert on the expression of investigated trophic factors of the 
injured rat brain.

For further detailed verification of the recipient’s response to the WJ-MSCs transplantation, the level 
of secreted neurotrophic and growth factors in the rat cerebrospinal fluid was assessed. Cerebrospinal fluid 
is involved in the physiological control of the brain and reflects the pathophysiology of various neurological 
disorders of the central nervous system. After the stem cell transplantation in an experimental model of stroke, 
quantitative analysis of the cerebrospinal fluid proteome could potentially reveal the therapeutic effect of 
transplanted cells on the host CNS43. An interesting result of the tested protein concentration in the CSF was 
obtained 24 h after the WJ-MSCs transplantation into the injured rat brain. The concentration of BDNF and 
GDNF in the CSF was observed to reach a relatively higher level than for the expression of these neurotrophins 
at the mRNA level in the rat striatum after treatment with WJ-MSCs (Figs. 7, 8). Several days after the stroke and 
WJ-MSCs transplantation, the expression of neurotrophins increases due to the activation of the regeneration 
process which is additionally stimulated by transplanted WJ-MSCs. The high concentration of BDNF and 
GDNF measured in CSF one day after cell transplantation might be the result of the body’s systemic response 
to the local tissue damage and the induction of endogenous neurogenesis. Tan et al. showed that an increased 
level of BDNF in rat cerebrospinal fluid was associated with the induction of neurogenesis in the subventricular 
zone in response to ischemic brain injury44. Another group of researchers also used the same model of stroke 
and reported better functional regeneration and reduced rat brain damage area observed 7 and 14 days after 
MSCs transplantation. In post-MSCs transplantation brains a much higher expression of rat neurotrophic 
factors, especially VEGF 3 days after the injury, as well as EGF and bFGF 7 days after MCAO was also observed. 
Transplanted human MSCs induced functional improvement and neuroprotection in ischemic rats possibly by 
IGF-1 delivery and induction of endogenous VEGF, EGF, and bFGF in the host brain45. In a study by Pirzad 
Jahromi et al., focal brain injury was induced in rats by placing the formed clot in the central artery of the 
brain. Animals were injected intravenously with BM-MSCs 24 h after the stroke and sacrificed after 7 days. 
After BM-MSCs transplantation, the neurological result improved significantly as compared to the control 
group, moreover, an increase in astrocytosis, vascularization, and endogenous proliferation was observed46. 
In conclusion, the complexity of the ischemic stroke pathophysiology requires the treatment which includes a 
number of factors to promote tissue protection, axon repair, and functional regeneration.

In our study, the mechanism of action of the transplanted WJ-MSCs was probably based on the modulation 
of the host inflammatory response, and then the stimulation of endogenous cells, which ultimately resulted 
in accelerated process of the damaged tissue regeneration. This led to an increased expression levels of 
neurotrophins, such as BDNF or GDNF, and then also elevated VEGF-A expression level. The proposed 
mechanism is highly probable when we consider mainly the paracrine effect of the transplanted cells, rather than 
their differentiation and integration with the tissue. Our observations indicated that penumbra was a strategic 
area where the implementation of post-ischemic stroke therapy could bring the expected benefits, and the data 
is consistent with reports in the available literature. Nevertheless, the time span between the first symptoms and 
the intervention remains to be of key importance, as treatment initiation as early as possible is crucial in stroke 
therapy47.

Conclusions
Development of precise in vitro culture protocols and the method for MSCs transplantation into the damaged 
tissue in addition to optimized selection of the MSCs source are crucial for achievement the therapeutic effect. 
Several factors that may increase/enhance the effectiveness of cell therapy should be considered, including cell 
preconditioning in appropriate spatial and oxygen conditions. The use of human protein-derived hydrogel 
scaffolds as carriers for stem cells are promising therapeutic approach for application in regenerative medicine. 
Despite the increasing application of MSCs in regenerative medicine, many mechanisms of their therapeutic 
action still remain unclear and require further in-depth analysis in order to make advanced therapy with stem 
cell-based medicinal products effective and safe for the patient.

Materials and methods
Wharton’s jelly–derived mesenchymal stem cells
Human mesenchymal stem cells isolated from umbilical cord Wharton’s jelly were used for the analyses of 
this study. The material was obtained from the Department of Obstetrics and Gynaecology of the Infant Jesus 
Clinical Hospital in Warsaw. Research material was collected after obtaining informed consent from mothers. 
The collection of the material and its use for research purposes was conducted according to the guidelines of the 
Declaration of Helsinki and approved by the Bioethics Committee based at the Medical University of Warsaw, 
61 Zwirki i Wigury St., 02-091 Warsaw, Poland (KB/213/2016).

Experimental animals
In vivo studies were performed with the use of Wistar rats provided by the Animal Breeding House of 
Mossakowski Medical Research Institute. Adult males (2–3 months old, 250–280 g weight) were used for the 
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experiments. During the experiment and between the procedures, the animals were kept in cages in the 13:11 
photoperiod and had unlimited access to food and water. In the experimental cages, the following enrichment of 
the environment was used: additional chips of various lengths and thicknesses, nesting material in the form of 
cotton flakes and cocoons, pads for grinding teeth, and shelters/hiding places. Each cage contained a maximum of 
six rats. All procedures and studies were conformed to the rules and principles of EU directive 2010/63, reported 
in accordance with ARRIVE guidelines, and approved by the 1st Local Ethics Committee for Experiments on 
Animals based at the Faculty of Biology, University of Warsaw, 1 Miecznikowa St., 02-096 Warsaw, Poland (No. 
620/2018) and the 2nd Local Ethics Committee for Experiments on Animals based at the Warsaw University of 
Life Sciences, 8 Ciszewskiego St., 02-786 Warsaw, Poland (No. WAW2/079/2021).

Cell isolation and culture conditions
A fragment of the umbilical cord, approximately 15–20 cm long, was collected immediately after the birth and 
immersed in sterile phosphate-buffered saline (PBS, Sigma-Aldrich, #D8537) with the addition of the penicillin 
and streptomycin solution (1%, Gibco, #15140-122). The tissues were transported to the Department of Stem 
Cell Bioengineering Mossakowski Medical Research Institute PAS and served as the starting material for the 
isolation of WJ-MSCs.

The umbilical cord was cut transversely with a scalpel into approximately 2 mm thick sections. The cylindrical 
tissue fragments (3  mm diameter) were excised from the Wharton’s jelly area with a biopsy punch (Miltex, 
GmbH, #33-32-P/25) and then transferred in PBS to 6-well plates.

The fragments of the cord were cultured under standard conditions (21% O2) or physioxia (5% O2) in a closed 
system that provides constant oxygen concentration (Xvivo System, BioSpherix) in 1 mL of growth medium/
well composed of: DMEM (Dulbecco Modified Eagle Medium, Macopharma, #BC0110060) supplemented with 
10% human platelet lysate (Macopharma, #BC0190020), 1 mg/mL glucose (Sigma-Aldrich, #G6152), 2 U/mL 
heparin (Sigma-Aldrich, #H3149), and Antibiotic–Antimycotic Solution (AAS, 1%, Gibco, #15240062).

When the WJ-MSCs migrated from the explant and reached 70% confluence, the cultures were passaged 
using an accutase solution (Accutase Cell Detachment Solution, Becton Dickinson, #561527). The cells were 
centrifuged for 3 min at 1000 rpm, and then the cultures were established by seeding cells in successive passages at 
a density of 2 × 103 cells/cm2. The growth medium was changed every 2 days, culture conditions were maintained 
at 21% O2 and 5% O2, as described before.

The experimental model of cytotoxic brain injury
Focal rat brain injury was performed using microinjection of 5  nmol ouabain octahydrate solution (Sigma-
Aldrich, #O3125) in sterile saline following the protocol described previously by the researchers from MMRI 
PAS48–50. After general anaesthesia by intraperitoneal injection of a mixture of ketamine (80 mg/kg, Bioketan, 
Vetoquinol Biowet Poland) and xylazine (8 mg/kg, Xylapan, Vetoquinol Biowet Poland) the rats were placed 
in the stereotaxic apparatus (Stoelting) and further operations were performed using the OPMI Pico (Zeiss) 
operating microscope. The scalp and soft tissues were cut from the eye line to the lambda point, then the bregma 
point was marked and a 0.5 cm diameter trepanation hole was drilled above the right hemisphere of the brain 
following the coordinates [X (0.5); Y (3.8); Z (4,7)] to the bregma point and based on the stereotaxic atlas. A 
Hamilton needle coupled with a precision syringe was inserted into the rat brain, and then microinjection of 1 
μL of 5 nmol ouabain solution was performed using an infusion pump (Stoelting). The substance was injected at 
a rate of 1 μL/min to the striatum of the right hemisphere of the rat brain according to the coordinates [X (0.5); Y 
(3.8); Z (4.7)]. The needle was left in the brain for 2 min to prevent fluid backflow and then carefully withdrawn 
from the brain and the edges of the wound on the skin were sealed with a surgical suture (Dafilon, 5/0, DS16, 
Braun, #C0932124). After the procedure, an antibiotic—enrofloxacin (5  mg/kg, Baytril, Bayer Veterinary, 
Poland) and an analgesic—meloxicam (5  mg/kg, Metacam, Boehringer Ingelheim, Vetmedica GMBH) were 
injected subcutaneously.

Preparation of WJ-MSCs and their transplantation into the injured rat brain
WJ-MSCs at 3rd–5th passage cultured under 21% O2 or 5% O2 conditions were detached with accutase, washed 
twice with PBS, centrifuged (1000 rpm, 3 min.), and then 5 × 105 cells were prepared for transplantation to the 
injured rat brain. Forty-eight hours after the ouabain-induced brain damage, the animals were anesthetized by 
intraperitoneal administration of a mixture of ketamine (80 mg/kg), and xylazine (8 mg/kg) and then placed in 
a stereotaxic apparatus (Stoelting). After skin disinfection and removal of stitches placed after the brain injury 
performed previously, the microinjection of mesenchymal stem cells was performed into the striatum of the 
right hemisphere of the rat brain. WJ-MSCs were transplanted either as encapsulated in hydrogel scaffolds 
(3D) or suspended in saline (2D). The scaffolds were made from thrombin cross-linked human platelet lysate 
(PL) (Macopharma), or human plasma fibrinogen (FB) (5 mg/mL, Sigma-Aldrich, #F3879). Thrombin (Sigma-
Aldrich, #T6884) was diluted in Tris-buffered saline (TBS, Sigma-Aldrich, #T5030) with the addition of CaCl2 
(ThermoFisher Scientific, #L13191) to a final concentration of 2 U/mL thrombin and 250  µM CaCl2. The 
scaffolds were prepared immediately prior to cell transplantation into the rat brain. For this purpose, 30 µL 
of thrombin solution was dropped into a Petri dish and mixed with 30 µL of WJ-MSCs suspended in platelet 
lysate or fibrinogen with the addition of aprotinin (10 µg/mL, Sigma-Aldrich, #A1153). 60 µL of WJ-MSCs in a 
hydrogel mixture or saline suspension were immediately withdrawn by syringe inserted into the rat brain and 
half the volume injected to prevent air from entering. The cells were transplanted according to the stereotaxic 
coordinates [X (0.5); Y (3.8); Z (4.7)] in the injured area of the brain. For sham groups, only saline or cell-free 
scaffolds were transplanted. After transplantation, the edges of the wound were joined with a surgical thread. 
Animals were injected subcutaneously with antibiotic—enrofloxacin 5 mg/kg and analgesic—meloxicam 5 mg/
kg.
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Estimation of cell number for magnetic resonance imaging
To visualize transplanted cells using magnetic resonance imaging (MRI), WJ-MSCs cultured under 5% O2 were 
labelled with rhodamine-conjugated iron oxide nanoparticles – Molday ION Rhodamine B (Biopal, #CL-50Q02-
6A-50) at a concentration of 20 µg/mL added to the medium for 24 h before cell transplantation. In the first step, 
the labelling efficiency was assessed in vitro. The cells were seeded in 6-well plates, labelled with Molday ION 
Rhodamine B for 24 h, fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, #158127) for 15 min, washed 
three times with PBS, and then visualized using an Axio Vert.A1 (Zeiss) fluorescence microscope. Then, to 
establish the optimal number of cells visible in MRI after transplantation to animals, a preliminary examination 
was performed using a phantom to determine the number of cells that generated the signal. 1 × 105, 5 × 105, 
1 × 106, 2 × 106, and 4 × 106 cells labelled for 24 h were used to measure the signal. A phantom (a container filled 
with 1% agarose gel) was used to stabilize the tubes and prevent air artefacts. Tubes with a different number of 
cells were subjected to magnetic resonance imaging (Biospec 70/30 USR 7 T, Bruker).

Magnetic resonance imaging
Magnetic resonance imaging was performed using a Bruker BioSpec 70/30 Avance III 7 T system. Radiofrequency 
(RF) excitation was performed using a cylindrical, quadrature RF coil (8.6 cm internal diameter). A separate 
receive-only coil was used for data acquisition—a phased array coil (2 × 2 elements) dedicated to rat brain 
imaging placed directly over the animal’s head. Rats after brain injury and WJ-MSCs cultured under 5% O2 
transplantation in saline (2D) or hydrogels (PL/FB scaffolds) were scanned at different time points: 24 h, 7, 14, 
and 21 days after transplantation. The animals were anesthetized with isoflurane (4% for induction, 1.5–2% in 
oxygen for maintenance provided through a mask) and placed on a scanning bed in a prone position with the 
head attached to a stereotaxic apparatus (Bruker). The respiratory rate and body temperature were monitored 
throughout the experiment using a small animal monitoring system (SA Instruments). Positioning scans 
were performed, followed by a high-resolution TurboRARE T2-weighted scan with the following parameters: 
repetition time (TR) = 5000  ms (ms), echo time (TE) = 15  ms, effective echo time (TEeff) = 30  ms, RARE 
factor = 4, number of averages = 3, spatial resolution = 0.125 × 0.125  mm, slice thickness = 0.5  mm, interslice 
distance = 0.5 mm, the number of slices = 54, acquisition matrix = 256 × 256, flip angle (FA) = 180, acquisition 
time (TA) = 12  min 15  s.  Diffusion-weighted imaging was performed using echo-planar imaging diffusion 
tensor imaging (EPI-DTI) sequence with parameters: TR = 3750 ms, TE = 33 ms, number of averages = 1, spatial 
resolution = 0.156 × 0.172 mm, slice thickness = 1.0 mm, interslice distance = 1.5 mm, the number of slices = 5, 
acquisition matrix = 192 × 128, TA = 8 min 45 s, number of B0 images = 5, diffusion directions = 30, number of 
segments = 4, diffusion gradient duration = 7.5 ms, diffusion gradient separation = 12 ms, bvalue = 670 s/mm2. 
Imaging was performed in Small Animal Magnetic Resonance Imaging Laboratory, Mossakowski Medical 
Research Institute, Polish Academy of Sciences.

Rat brain damage analysis
Brain measurements were performed using 3D Slicer software v. 4.11.20210226 (https://www.slicer.org/). 
Measurements of the area of the entire damaged hemisphere and the size of the ouabain-induced brain injury 
expressed in mm3 were made, and then the percentage of the area of the hemisphere that underwent cytotoxic 
damage over the entire hemisphere was determined. Brains after focal injury (ouabain-induced) and WJ-
MSCs transplantation in 2D and scaffolds, as well as after injection of saline or sham scaffolds were analysed 
at subsequent time points (24  h, 7-, 14- and 21-days post-transplantation). Additionally, the DTI data was 
reconstructed and visualized using Paravision 5.1 software (Bruker), resulting in diffusion direction maps.

Cerebrospinal fluid collection
Cerebrospinal fluid was collected from anaesthetized rats after injury (before stem cell transplantation) and 
then 1, 7, 14, and 21 days after transplantation. Samples collected from rats without brain injury were served 
as a control group. The animals were anaesthetized by intraperitoneal administration of a mixture of ketamine 
(80 mg/kg), and xylazine (8 mg/kg) according to their body weight. After anaesthesia, the rats were placed in a 
stereotaxic apparatus (Stoelting) with the head positioned at a 45° angle. The skin was disinfected, and the needle 
was inserted into the anterior occipital membrane between the basal part of the occipital bone and the anterior 
arch of the apical vertebrae. Cerebrospinal fluid (approximately 100–150 µL) was withdrawn by syringe straight 
from the cisterna magna through a needle to a sterile 200 μL Eppendorf tubes and stored at -80 °C until analysis. 
Only the samples that were not contaminated with blood were analysed.

Tissue collection
The animals were sacrificed by decapitation and then the brains were isolated. The rat brains were cut with a 
scalpel in the transverse plane in 1/3 of their length, and the striatum from the damaged hemisphere of the 
brain was collected for further analysis. The tissues were frozen on dry ice and then stored at -80 °C until gene 
expression level analysis. The whole brains of animals were placed in 50 mL falcon tubes filled with 4% PFA and 
left for 24 h at 4 °C. The next day, the brains were placed in a 30% sucrose solution (Sigma-Aldrich, #S9378) 
containing 0.1% sodium azide (Sigma-Aldrich, #S2002). After 24 h, the brains were frozen on dry ice and stored 
at -80 °C for subsequent immunohistochemical analysis.

Immunohistochemical analysis of the lesion site
The WJ-MSCs were labelled with iron oxide nanoparticles—Molday ION Rhodamine B (20  µg/mL) before 
transplantation into the striatum of the rat brain. After performing MR imaging, the animals were decapitated 
and the whole brains were collected. The material was obtained from rats 21 days after the ouabain-induced 
injury (OUA group) and after the stem cells in saline or PL/FB scaffolds were transplanted into the injured 
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striatum. 24 h before the brain slicing procedure, the tissue was transferred to − 20 °C environment. The frozen 
brains were cut into 20-µm sections with a cryostat and mounted on silane-coated slides. The slides were stored 
for further analysis at − 80 °C.

The tissue slices were fixed with 4% PFA for 20 min at room temperature for immunohistochemical analysis. 
After washing with PBS (Gibco, #18912-014), the cell nuclei were stained with 5 μM Hoechst 33258 (Sigma-
Aldrich, #94403) for 20  min at room temperature. After rinsing with PBS, Fluorescent Mounting Medium 
(Dako, #S302380-2) was added to the slides and then covered with glass coverslips. For image acquisition, the 
preparations were analysed using a LSM 780 confocal system (Zeiss), Cell Observer SD system (Zeiss) equipped 
with the Axio Observer Z.1 microscope, and Zen 2012 software (Zeiss). Visualizations were performed in 
Laboratory of Advanced Microscopy Techniques, Mossakowski Medical Research Institute, Polish Academy of 
Sciences.

Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis
The striatum samples collected from the animals were kept on dry ice. mRNA was isolated using Fenozol 
Reagent (Total RNA Mini Plus, A&A Biotechnology, #036-100) after tissue homogenization with a manual 
homogenizer. The obtained samples were treated with 1 U/mL DNase (Clean-Up RNA Concentration, A&A 
Biotechnology, #039-100C), and the mRNA purity was evaluated using a NanoDrop One Microvolume UV–
Vis spectrophotometer (ThermoFisher Scientific). The High-Capacity RNA-to-cDNA Kit (Applied Biosystems, 
#4387406) was used for the preparation of cDNA, according to the manufacturer’s protocol. Quantitative RT-PCR 
(qRT-PCR) was performed with the cDNA samples using the 7500 Real-Time PCR System (Applied Biosystems), 
SYBR Green PCR Master Mix (Life Technologies, #4364344), and gene-specific primers (Supplementary Table 
1) with the following program: one step at 50 °C for 2 min, polymerase activation at 95 °C for 10 min, 40 cycles 
of denaturation at 95 °C for 15 s and 40 cycles of annealing, extension, and read fluorescence at 60 °C for 1 min, 
cooling at 4 °C at the end of reaction. mRNA expression levels were calculated using the 2−ΔΔCt method. The 
GAPDH expression level was used as an internal control to calculate the expression level of the analysed rat 
genes. qRT-PCR was performed on the samples prepared from 4 animals in three replicates.

Immunoenzymatic analysis
The analysis was carried out in the cerebrospinal fluid collected from control animals, from the rats after 
focal injury (OUA group), the rats after transplantation of WJ-MSCs suspended in saline (2D + WJ-MSCs) or 
encapsulated in 3D PL (3D PL + WJ-MSCs) /3D FB (3D FB + WJ-MSCs) scaffolds, and the animals with injected 
saline (2D sham)/control scaffolds (3D PL sham and 3D FB sham) at 24 h, 7, 14, and 21 days’ time points. Two-
fold diluted cerebrospinal fluid was used for the analysis. Rat BDNF ELISA Kit (Sigma-Aldrich, #RAB1138-
1KT), and Rat GDNF ELISA Kit (Sigma-Aldrich, #RAB1144-1KT) were used to analyse the concentration 
of neurotrophins (BDNF and GDNF) in the rat cerebrospinal fluid. A Rat Premixed Multi-Analyte Kit (R&D 
Systems, #LXSARM-03) was used to analyse the VEGF-A concentration. The absorbance was measured at 
450 nm with a FLUOstar Omega plate reader (BMG LABTECH) (for BDNF and GDNF), and the VEGF-A 
concentration was measured using a Bio-Plex 200 system (Bio-Rad).

Statistics
Statistical evaluation was based on a minimum of 3–6 independent experiments. Statistical analysis was 
performed using the GraphPad Prism 9 software. Mean ± standard deviation (SD) was calculated for all samples 
and we applied the Shapiro–Wilk normality test prior to performing analysis of variance (ANOVA). The 
statistical significance was determined using ANOVA followed by Tukey’s multiple comparisons test. A value of 
p < 0.05 was considered significant.

Data availability
All data are available upon request (wlech@imdik.pan.pl).
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