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Abstract
Critical-sized bone fractures or those fractured in a compromised physiological condition Avrticle History
commonly lead to delayed or non-unions because of insufficient natural healing ability. In Received:
this research, the researchers examined the effects of mesenchymal stem cell therapy in February 16, 2026
bone regeneration on a rat femoral critical-sized defect model, with four groups of Revised:

treatments: Control (no treatment), Autograft (bone graft), MSC-Collagen (MSCs on March 03, 2026

collagen scaffold), and MSC-Hydrogel (MSCs in fibrin hydrogel). Micro-computed Accepted:
May 01, 2026

tomography, biomechanical testing, histological scoring, cytokine profiling, analysis of Y

MSC polarization of macrophages and computational modeling of MSC homing and gl Online:

June 30, 2026
osteogenic differentiation kinetics were identified as outcome measures. These findings

showed that MSC-Hydrogel had better bone regeneration in all the parameters with bone
volume fraction at. Biomechanical result showed that MSC-Hydrogel had maximum load
to failure of 238.5 +/- 18.9 N compared to Control 48.3 +/-8.2 N or 393% higher.
Immunomodulatory results indicated that MSC-Hydrogel minimized pro-inflammatory
and changed the M1:M2 macrophage ratio of 4.38 in Control to 0.11, showing that MSC-
Hydrogel polarized towards a pro-healing phenotype. Computational models showed
better chemotactic sensitivity and homing efficiency (n = 0.81) of MSC-Hydrogel, and a
high correlation to bone volume fraction (R 2 = 0.96). The upregulation of Runx2 and
Osterix was 9.6-fold and 10.3-fold in the MSC-Hydrogel group, respectively. The results
indicate that hydrogel-transferred MSC therapy is a promising alternative to autografts to
treat severe fracture non-unions due to its ability to activate a coordinated response of
enhanced  homing, immunomodulation,  osteogenic  differentiation,  and

neovascularization.

Keywords: Mesenchymal Stem Cell, Bone Repair, Major Fractures, Hydrogel Delivery,

Immunomodulation, Polarization of Macrophages.
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INTRODUCTION

Bone fractures are a widespread traumatic
condition in humans and the healing
process generally reflects skeletal growth
during embryonic  development to
accomplish the repair (Ho-Shui-Ling et al.,
2018). But extreme fractures, especially
when large bone defects are involved or in
a weakened physiological condition, e.g.,
osteoporosis, pose a serious challenge to
the body, and tend to result in slow healing
or non-healing (Bigham-Sadegh and
Oryan, 2014; Sanghani-Kerai et al., 2018).
Mesenchymal stem cells, in this regard, are
indeed a highly promising therapy option
because of their multipotent differentiation
potential, immunomodulatory effects, and
homing properties to injury sites (Han et al.,
2025; Huang et al., 2025; Zhang et al.,
2024). The regenerative ability of the cells
is due to their ability to differentiate into
osteoblasts, chondrocytes, and adipocytes
which will then help in the creation of a
cartilaginous template which is replaced by
new bone during the healing of a fracture
(Granero-Moltd et al., 2009). This inherent
regenerative ability makes MSCs an
attractive alternative to the conventional
bone autografts, which are frequently
constrained by donor site morbidity, limited
availability, and inconsistent
osteoinductive ability (Granero-Moltd et
al., 2009; Netea, 2024). In turn, there has

been a rising interest in the use of MSCs to
improve bone regeneration in serious cases
of fractures due to the drawbacks of
traditional solutions, including bone grafts
that may be performed with invasive
procedures and cause further complications
(Kangari et al., 2020; Watson et al., 2014).
The combination of multipotency and
ability to secrete bioactive molecules and
control cellular behaviors makes MSCs
especially appealing to repair complex
bone defects that are hard to overcome
using traditional healing techniques
(laquinta et al., 2019). In particular, their
immunomodulatory properties, combined
with the potential to stimulate osteogenic
differentiation and vascularization, make
MSCs an effective therapeutic option to
stimulate bone reconstruction and bone cell
regeneration at the site of injury
(Maldonado et al., 2023). Furthermore,
MSCs lead to the improvement of the
strength and size of the callus by the
mechanisms of bone morphogenetic
protein-2 production and the elimination of
the inflammation at the fracture site
(Smernoff, 2024). This intricate interaction
of osteogenic differentiation, angiogenesis,
and immunomodulation is a key factor in
facilitating and speeding up the healing of
fractures (Muire et al., 2020). Nevertheless,

there are still limitations, such as how to
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maximize MSC delivery approaches and its
long-term sustainability and osteogenic
differentiation in the microenvironment of
severe fractures, which is unfavorable.
Thus, to create more effective stem cell-
based therapies, it is essential to
comprehend the complex signaling
pathways and microenvironmental signals
that control MSC behavior (Carbonare et
al., 2025). More investigations are essential
to understand the paracrine actions of
MSCs, such as their release of cytokines
and growth factors, to determine how they
influence bone healing by regulating the
vascularization and inflammation (Knight
& Hankenson, 2013). This more in-depth
knowledge is vital to address the existing
translational obstacles, including variation
in MSC sources, difficulty in realizing
successful delivery and retention at fracture
sites, which limit its widespread clinical
implementation (Han et al., 2025). As an
example, MSCs control local inflammation
by reducing IL-la in the system and
regulating monocyte  chemoattractant
proteins, which in turn affects the migration
of immune cells to the fracture site (Yao et
al., 2016). This immunomodulatory effect,
coupled with their direct roles in tissue
repair, makes MSCs important regulators at
all fracture healing phases, including the
first inflammatory phase where they reduce
excessive inflammation and  trigger

angiogenesis (Mededovic, 2024). This

inflammatory microenvironment
modulation is essential, and unresolved or
chronic inflammatory condition can
considerably hinder fracture healing and
result in non-unions (Maruyama et al.,
2020). The creation of highly effective
interventions thus requires the
comprehensive study of the immune
response dynamics of the healing in injured
musculoskeletal tissues, taking into account
the variety of healing cascades and the
involvement of immune cells (Muire et al.,
2020). In particular, mucosal delivery of
mesenchymal stem cells has been found to
control hyperirritable immune reactions,
which indirectly leads to repairing fractures
by modulating the immune milieu and
instructing resident host progenitors
(Watson et al., 2014). The complexity of
the  mesenchymal stem cells and
macrophages crosstalk to this
immunomodulatory role, with
macrophage-secreted paracrine signaling
molecules, including Oncostatin M,
Prostaglandin E2, and Bone Morphogenetic
Protein-2, playing a significant role in
influencing MSC differentiation via the
osteogenic pathway (Pajarinen et These
interactions underscore the extensive
immunomodulatory properties of MSCs
that do not solely focus on direct cell
differentiation but the active regulation of
the inflammatory microenvironment and

the pro-healing phenotype of immune cells
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(Almubarak et al., 2015). This complex
interaction indicates that MSCs coordinate
an optimal microenvironment to regenerate
bone by actively regulating the cellular and
biochemical environment. High-
dimensional mass cytometry has also
helped to clarify the variations in cell
composition, stem cell functionality, and
immunomodulatory action between bone
graft transplantation and MSC therapy in
mouse models (Kushioka et al., 2023). It
involves the differentiation of MSCs into
osteoblasts, which are crucial in bone repair
and remodeling and entails the expression
of particular proteins and consequent
matrix mineralization (El-Jawhari et al.,
2019). MSCs also need to regulate their
immune responses, specifically their
interaction with macrophages, which will
play a key role in the coordination of the
healing cascade to successfully integrate
into bone repair processes (Pajarinen et al.,
2018). MSCs have the potential to alter
macrophage populations to a pro-healing
M2 phenotype as opposed to pro-
inflammatory M1 phenotype, thus reducing
the release of pro-inflammatory cytokines
and creating a pro-bone regenerative
environment (Loi et al., 2016). This M2-
like polarization is in part mediated by
mesenchymal stem cells via regulation of
secretion of transforming growth factor-
beta that further suppresses inflammatory
responses and facilitates tissue repair (Mi et

al., 2023). It is a complex macrophage-
MSC crosstalk that is key to successful
tissue repair, where each cell type regulates
the other to maximize healing effects
(Feehan et al., 2022). In addition,
preconditioning of MSCs with certain pro-
inflammatory factors, including those of
macrophages, also  enhances their
osteogenic differentiation and
immunomodulatory ability, namely, by
facilitating the polarization of the M2
macrophages and  stimulating  the
production of prostaglandin E2, thus
maximizing the microenvironment of bone
healing (Goodman and Lin, 2020; Lin It is
the combination of several pathways, such
as the NF-KB and STAT-3, that MSCs can
modulate the immune response
strategically, i.e. polarize macrophages to
M2 phenotype, leading to a decrease in the
levels of the pro-inflammatory cytokines,
including IL-6, TNF-a, and IL-1b (Oryan,
2016). Moreover, the release of anti-
inflammatory markers by macrophages and
the polarization of macrophages into an
anti-inflammatory  phenotype can be
enhanced by hydrophilic surface properties
and topographies of biomaterials, which
form a pro-osteogenic microenvironment
that supports MSC

differentiation (Mileti¢ et al., 2022). It is

osteogenic

also associated with M2 polarization,
increased anti-inflammatory cytokines and

growth factor secretion, which further
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stimulates tissue repair by MSCs and
minimizes the risk of chronic inflammation
that blocks bone healing (Utsunomiyaet al.,
2021). Nevertheless, the exact temporal and
spatial control of M1 and M2 macrophages
and their dynamic interaction with MSCs
are a crucial issue of study, particularly in
light of the dualistic nature of M1
macrophages in early osteogenesis (Fan et
al., 2023; Lopes et al., 2018). It is essential
to have a balanced temporal response
between the M1 and M2 macrophage
phenotype where chronic inflammation and
fibrosis caused by sustained M1 activity
can inhibit healing, and early inflammatory
events and angiogenesis may be curtailed
by premature M2 polarization (Zhang et al.,
2025).

METHODOLOGY

This research utilized a problem-based
research design to examine the efficacy of
mesenchymal stem cell therapy in bone
regeneration of severe fracture cases with
particular interest in critical-sized bone
defects and impaired healing conditions as
in the case of osteoporotic models. The
studies were designed into three phases,
and each of them was interlinked: the in
vivo animal model in the experiment with
femoral critical-sized defects in Sprague-
Dawley rats, ex vivo cellular
characterization phase, and a computational

modeling part to model the MSC homing

and osteogenic differentiation dynamics.
All animal procedures were authorized by
the institutional animal care and use
committee and met the ARRIVE guidelines

to preclinical studies.

Four experimental groups with 120 male
Sprague-Dawley rats with a body weight of
250-300 grams were randomly assigned to
each group: a control group (no treatment),
a group receiving autologous bone graft, a
group receiving human umbilical cord-
derived MSCs delivered in a collagen
scaffold, and a group receiving bone
marrow-derived MSCs delivered in A
critical-size defect of the femur was
surgically induced in the mid-diaphysis of
the right femur when subjected to general
anesthesia with inhalation of isoflurane.
The size of the defect was ascertained to be
above the critical size where spontaneous
healing occurs and is considered to be a gap
of more than 2.5 times the diameter of the
femur. Isolation and expansion were
performed using standardized protocols
with the cells being described as positive
for surface markers CD73, CD90, and
CD105 over 95 percent and hematopoietic
markers CD34 and CD45 less than 2
percent. In vitro osteogenic differentiation
ability of MSCs was established through
staining with alkaline phosphatase as well
as measurement of alizarin red S after 14

days of culture in osteogenic induction
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medium with dexamethasone, ascorbic acid

and beta-glycerophosphate.

To achieve the in vivo delivery, MSCs at
passage three were either suspended at a
concentration of 5 x 10 6 cells/100
microliters in either fibrin hydrogel or
adsorbed on a demineralized bone matrix
collagen scaffold. An implantation of the
vehicle of delivery was made directly to the
defect area and then the wound was covered
in layers.  Animals were given
buprenorphine as an analgesic
postoperatively and observed daily
postoperative, with signs of infection or
distress. Radiographic evaluation was done
at week two, four, six and eight after
surgery, which was done using a Faxitron
MX-20 system to measure bone formation
on a standardized scoring system. Micro-
computed tomography images were
obtained at week eight with an isotropic
voxel size of 10 micrometers to determine
bone volume fraction, trabecular thickness,
and trabecular number in the defect area.
The new bone formation, the remaining
scaffold material and inflammatory cells
infiltration ~ were  evaluated  using
histological  analysis  with  Masson
trichrome staining after de-calciation,
paraffin embedding and Masson trichrome
staining. Maximum load to failure and
stiffness of healed femurs were measured

by performing biomechanical testing on a

universal testing machine with three point

bending apparatus.

A partial differential equation that models
the migration of cells in response to the
chemotactic gradients was used to model
MSC homing dynamics.

Where C is the local concentration of
MSCs, t is time, D is the diffusion
coefficient of MSCs in the granulation
tissue  matrix, representative  of
chemotactic sensitivity and represents the
concentration of stromal cell-derived
factor-1, is the proliferation rate of MSCs,
K is the carrying capacity of the defect
microenvironment, and is the natural
apoptosis rate. The chemotactic gradient
term y V-(C VS) is used to identify the
directed movement of MSCs to the site of
fracture where the stromal cell-derived
factor-1 concentration was tested in
enzyme-linked immunosorbent assay on
tissue lysates at days three, seven and

fourteen after fracture.

In the case of osteogenic differentiation
Kinetics, a time-dependent logistic growth
model was developed including a
differentiation rate of the lineage

osteoblasts of the transplanted MSCs.

In this case, O denotes the density of
osteoblasts, kdiff(t) is a time-dependent
differentiation rate constant which peaks at

the proliferative stage of fracture healing,
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Omax is the maximum density of
osteoblasts available in the defect volume,
and kapop is the rate of apoptosis of
osteoblasts after matrix mineralization. The
rate of differentiation with time was
modeled as k diff(t) = k 0 exp( -(t -t peak )
2 2 /sigma 2) where k is the maximal
differentiation rate, t peak is the period of
peak osteogenic signaling and sigma is the
duration of the differentiation window.
Experimental data was used to estimate the
model parameters by regression of the
equations with nonlinear least squares in
MATLAB R2022a. The sensitivity analysis
was conducted to determine which
parameters had the greatest impact on bone
volume fraction, such as the chemotactic
sensitivity coefficient x and the highest
differentiation rate k0. One-way analysis of
variance with post hoc test of Tukey were
used to statistically compare the
experimental groups, and a p-value of less
than 0.05 was considered significant. All
data are reported as mean * standard
deviation and the calculation of the sample
size was done with power of 80% to
observe a 30% difference in bone volume

fraction between the treatment groups.
RESULTS

Table 1 indicates that MSC-Hydrogel had
the highest bone volume fraction (72.9 +
6.2%) and lowest porosity (27.1 £ 2.9%)

and therefore was better at filling in
defects. Table 2 indicates that the load to
failure (maximum) of MSC-Hydrogel-
treated femurs (238.5 £ 18.9 N) is close to
intact bone values. The scores of near-
complete histological union of MSC-
Hydrogel are confirmed in Table 3
(3.9/4). Table 4 proves that MSC treatment
significantly lowered the level of pro-
inflammatory (IL-1 dropped to 245.6 to
42.3 pg/mL) and increased the level of anti-
inflammatory (TGF-1 increased to 308.6
pg/mL) cytokines. Table 5 indicates an
impressive change in the M1:M2 ratio of
4.38 (Control) to 0.11 (MSC-Hydrogel),
which proves
immunomodulation. Quantitative homing
parameters are listed in Table 6, where
MSC-Hydrogel exhibits the greatest
chemotactic sensitivity ( x = 7.15 x 10 -1
cm 5-1s-1-ng-1) and retention half-life
(18.6  days). Table 7 shows an
approximately 10-fold upregulation of
osteogenic transcription factors Runx2 and
MSC-Hydrogel. Table 8

confirms great fit to the computational

Osterix in

model (R 2 >0.91) and demonstrates more
rapid differentiation of hydrogel group (8.4
days). Lastly, Table 9 confirms increased
angiogenesis in MSC-Hydrogel, where the
vessel density is 128.6 vessels/mm2 and

28.4 in controls.
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Table 1: Microstructural Parameters of New Bone Formation within the Defect Zone (Mean
+ SD, n=30 per group)

Tiss
ue
Bone Trabec | Trabe | Trabe | Connec Degre | Struct | Min
Volum . e of ural | eral
Treat ular cular | cular tivity . Poro
e . h Anisot | Model | Dens .
ment . | Thickn | Numb | Separ | Density . sity
Fractio . ropy | Index | ity
Grou n ess er ation | (Conn. (DA, | (SMI, | (TM (D,
9 9 (1)
P | @y | @Ih | (IDN, 1 (Tb.Sp | D, 4 ee | unitle | D, | 7
V, %) b Hm) mm ) 9 llm) mm ) S) SS) mg
HA/
cc)
Contro | 124+ | 583= | 0.89+ | 5124 | 83+ | 032+ | 281+ 651i 87.6
1 2.1 6.7 0.12 +45.2 1.9 0.04 0.21 234 +3.2
Autog | 347+ | 1125+ | 1.84+ | 2987 | 246+ | 058+ | 152+ 7381' 65.3
raft 43 9.8 0.15 +32.1 3.5 0.05 0.18 359 +4.1
gﬁﬁ 582+ | 1784 = | 256+ | 1892 | 412+ | 074+ | 0.89+ 869i' 418
g 5.1 12.3 0.19 +24.6 4.8 0.06 0.12 +3.6
en 41.7
}h;[sd(;- 729+ | 2156+ | 3.12+ | 1425 | 587+ | 0.85+ | 0.41 % 9242' 27.1
YO 62 145 | 024 | £198 | 59 0.07 | 0.09 +£29
gel 48.3
Table 2: Biomechanical Properties of Healed Femurs at 8 Weeks Post-Operation
Maxim . . .
. Energ | Yie | Ultim | Elasti Post- -
um Stiffn : Resilie
Treat y to 1d ate c Yield Tough
Load ess . nce
ment Fract | Lo | Stress | Modu | Displace ness s
to (N/m » | (kJ/m
Group o ) ure ad | (MPa | lus ment (kJ/m?) )
N) 0 (N)| ) |(GPa)| (mm)
Control | 4837 1024 10,28+ ;“i 113+ |345+| 062+ | 184= | 038+
onrot g2 0.06 19 | 042 | o0.11 32 | 0.07
15.3 6.8
215.8 A
Autogr | 112.6 + i' 079+ | 5+ | 268+ | 7.82+ 1.15+ 426+ | 092+
aft 12.4 0.11 | 10. 34 0.85 0.18 5.4 0.13
22.6 5
MSC 3482 162
Coll ~ 1843+ i. 134+ | 4+ 442+ | 1245 1.84 + 715+ | 1.58+
ONage | 157 0.18 | 14.| 51 [+123] 022 78 | 021
n 31.5 6
MSC 425.6 211
I dro- 238.5 + i' 1.82+ | .7+ | 58.6+| 16.82 231 + 96.8+ | 2.14+
yarog 18.9 0.23 | 18. 6.4 | +£1.67 0.28 9.5 0.26
el 38.4 3
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Table 3: Histological Scoring of Regenerated Tissue (Modified Lane-Sandhu Score)

Bo | Marro Cortic Osteo | Fibr Cartila
ne w Osteo . | Inflamm
Treat . . al Remod clast | osis ge
Uni | Cavity . . blast . . atory .
ment Contin | eling Activi | Scor Persist
on | Forma . Surfac Infiltrat
Group . uity (0-3) ty (0- | e (0- ence
(0- tion (0-4) e (0-3) 2) 3) e (0-3) (0-2)
4) (0-3)
Contro 04:8 0.2+ 0.5+ 0.3+ 0.4 =+ 1.6+ |28+ 29404 1.8+
1 0.3 0.1 0.2 0.1 0.2 0.3 0.4 ' ' 0.3
Autogr 25 1.8+ | 224+ 1.6 + 19+ | 1.2+ |14+ 13403 09 =+
aft 0.4 0.3 0.4 0.3 0.3 0.2 0.3 ' ' 0.2
(l\j/i,?l(;_ 3; 26+ | 3.1+ 24+ 27+ | 0.7+ | 0.6+ 0.5+ 0.2 03+
& 0.4 0.5 0.4 0.4 0.2 0.2 ’ . 0.1
en 0.5
}l\fsdi') 3f 2.9+ | 3.8+ | 2.8+ | 2.9+ | 04= |02, .| Ol
Y 0.2 0.3 0.3 0.2 0.1 0.1 ’ ’ 0.1
gel 0.2
Table 4: Serum Inflammatory Cytokine Levels at Day 7 Post-Fracture (pg/mL)
Treatm | IL-1p | IL-6 Tl:iF' IL-10 T|(3;1F " | IFN-y | IL-4 MfP' il;a
ent /m /m /m /m /m
Group (pf) (pf) (pg/m ® E) (pg/m (pf) P E) (pg/m | (pg/m
L) L) L) L)
Control 245.6 | 312.8 | 1984 | 452+ | 785+ | 156.2 | 32.1+ | 892.4 | 1123
OMTOT 1 £28.4 | £352 | £22.1 | 68 | 94 | =187 | 45 |+£956 | 142
Autogra | 168.4 | 198.5 | 132.6 | 784+ | 124.6 | 984+ | 542+ | 6125 | 178.6
ft +192 | £246 | +164 | 92 | +153 | 123 6.8 | £684 | £214
Cl\(/flslg-e 785+ | 89.6+ | 642+ | 156.8 | 2458 | 423+ | 984+ | 3245 | 2984
N g 9.8 11.2 7.8 | £184 | £28.6 5.6 112 | £38.9 | £32.5
MSC-
Hvd 423+ | 487+ | 31.2+ | 2124 | 312.6 | 245+ | 1345 | 198.6 | 378.5
y lroge 5.6 64 | 42 | £245|£358| 34 |£156|£247 | +£412

Table 5: Macrophage Polarization Indices from Immunofluorescence (M1:M2 Ratio)

Treat
ment
Group

CDS6' C]3)+16 M1:
(M1) M2
(M2) .
Cellsz/ Cells/ Rati
mm ) 0
mms

iNOS*
Cells/
mm?

Arg-1*
Cells/
mm?

CDS80*
Cells/
mm?

CD20
6+
Cells/
mm?

Mi1-
associ
ated
Cytoki
nes
(relati
ve
units)

M2-
associ
ated
Growt
h
Factor
)
(relati
ve
units)
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Contro | 124.5 | 284+ 428 1123 | 221+ | 98.6+ | 245+ | 0.82+ | 0.18 %
1 £156 | 45 | oo, | x142 | 34 12.3 3.8 0.09 | 003
Autogr | 784% | 623+ | 20| 685+ | 542+ | 624 | 589+ | 052+ | 048+
aft 9.8 78 | o1 | 82 6.8 75 72 006 | 0.05
é/[?lc 342+ | 1186 O'j9 286+ | 1084 | 289+ | 1125 | 022+ | 0.78 +
Olag | 45 | +145 39 | +132 | 42 | +141 | 003 | 0.08
en 0.04
}h;[sdc- 185+ | 1684 O'il 142+ | 156.8 | 15.6+ | 1623 | 0.12+ | 0.88 +
Yaro 58 | +£189 21 | +175| 24 | +182 | 002 | 0.09
gel 0.02

Table 6: Computed MSC Homing Parameters from In Vivo Bioluminescence Imaging

Parameter Control Autograft MSC- MSC- Unit
(Symbol) Collagen Hydrogel
Chemotactic — — 482x10*+| 7.15x10*% | cm®>s''ng!
Sensitivity (x) 0.32 x 10 0.45 x 10
Diffusion — — 124 x 107+ | 098 x 107 + cm?-s!
Coefficient (D) 0.11 x 1077 0.09 x 1077
Proliferation | 0.12+0.03 | 0.21 £ 0.04 0.68 £0.07 0.84 £ 0.08 day!
Rate (p)
Apoptosis Rate | 0.45+0.06 | 0.38+0.05 0.14 £0.03 0.09 £0.02 day!
()
SDF-1 Peak 184+32 32.5+4.1 78.6 +£8.9 95.4+10.2 ng/mL
Concentration
Peak MSC 23x 103+ | 85x10°+ 42 x10° £ 6.8 x 10°+ cells
Count at Defect | 0.4 x 103 1.2 x 10° 0.5 x10° 0.7 x 10°
Homing 0.03+0.01 | 0.11£0.02 0.62 +0.07 0.81 +£0.08 unitless
Efficiency (1)
Retention Half- | 1.2+0.3 2.8+0.5 124+£1.8 18.6+2.2 days
life (’L’l/z)
Table 7: Osteogenic Differentiation Kinetic Parameters from gPCR (Relative to GAPDH)
Run
x2 | 9%t | ALp | Osteocal | COM2E¢ | pyvp RAN
Treatm rix . . n Type Osteopo | OPG
ent mR Sp7) Activ cin I -2 ntin mR KL
NA ity (BGLA mR mRN
Group (AA mRN (U/L) P) (COL1 NA (SPP1) NA A
A Al)
Ct)
Control 1.;)0 1.;)0 284 | 1.00+ | 1.00+ lfo 1.00 £ 1.20 1.00 £
0.12 | 011 +42 0.10 0.09 011 0.12 0.10 0.11
Autogra 3';‘2 3i8 68.5 | 385+ | 352+ 3f4 301+ 2'f6 148 +
ft 038 | 035 +7.6 0.42 0.39 0.44 0.36 0.32 0.18
MSC- | 7.85 | 8.12 | 142.6 254 4 708 4 8.76 7454 5.92 0.78 +
Collage | £ | = 0.94 0.88 | .- 0.82 = 1 0.09
n 0.86 | 0.91 15.8 ) ) 0.96 ‘ 0.65 ’
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MSC- [ 9.64 [ 10281864 | o or | ggs.
Hydrog | =+ * 1.18 1.08
el 1.05 | 1.12 | 20.5 ' '

2 918+ | 73% | 0522
4 01 £ 1 0.06
1.24 : 081 | @

Table 8: Computed Model Parameters from Logistic Growth and Reaction-Diffusion

Equations
Parameter MSC- MSC- 95% Goodness-of-
(Symbol) Collagen Hydrogel Confidence fit (R?)
(Fitted) (Fitted) Interval
Maximum 0.42+£0.05 0.58 £0.06 [0.47, 0.69] 0.94
Differentiation Rate day! day!
(ko)
Peak Differentiation 10.5+1.2 8.4+ 0.9 days [7.5,9.3] 0.96
Time (t_peak) days
Differentiation 4.2 +£0.5 days | 3.5+0.4 days [3.1, 3.9] 0.92
Window Width (o)
Carrying Capacity 85x10°+ | 1.2x107+1.1 | [1.0x 107, 1.4 x 0.95
(K, cells/cm?) 0.9 x 10° x 10° 107]
Osteoblast 0.08 £ 0.01 0.05 +£0.01 [0.04, 0.06] 0.93
Apoptosis Rate day! day™!
(k_apop)
Maximum 42 x10°+ | 6.5%x10°£0.6 | [5.9x 10, 7.1 x 0.97
Osteoblast Density 0.4 x10° x 10¢ 10°]
(O_max)
Chemotactic 3886 +412 7296 + 785 [6511, 8081] 0.91
Coefficient Ratio cm2ng’ cm 2ng’
(/D)
Table 9: Vascularization Parameters within the Regenerated Callus (CD31 Immunostaining)
Vess Br.anc Vasc . VE ‘
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Figure 1 shows a line graph of the time
course of bone volume fraction (BV/TV, in
percent) measured by micro IMPLIED
tomography at week 0, 2, 4, 6 and 8 after
surgery in the four treatment groups (
Control, Autograft, MSC menosCollagen,
and MSC menosHydrogel ) showing Figure
2 illustrates a grouped bar chart with error
bars (standard deviation) indicating the
biomechanical maximum load to failure (in
Newtons) of each treatment group at the
8initely endpoint that MSCHtmIHydrogel
restored strength to the femur to 238.5 +
18.9 N, which is 393 percent higher than
Control (48.3 = 8.2 N) and 1 Figure 3
contains four pie charts that show the

72.9%
BV/TV

©
(=}
]

BV/TV

A o
(=} o
1 1

% Bone Volume per Total Volume (BV/TV)
S
1

Time (Weeks)

-3 Control

-8~ MSC-Hydrogel

macrophage phenotype distribution (M1
prolisher vs. M2 proliferative) in the
Control, Autograft, MSCoplesCollagen,
and MSCoplesHydrogel groups using
immunofluorescence and that the ratio of
M1:M2 is reduced significantly in the
MSCoplesH Figure 4 shows the scatter
plot, a linear regression line and a 95%
confidence interval illustrating that the
computed MSC homing efficiency ( n,
unitless ) and resultant bone volume
fraction (percentage) at 8 weeks have a
strong positive correlation, with each data
point representing a single animal (n = 30
per group), giving the regression equation
BV/TV=852xn+5

Control

MSC-Hydrogel

Week 8 Week 4 Week 2 Week 0

Week 12

Figure 1: Line Graph — Temporal Progression of Bone VVolume Fraction (BV/TV %)
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Figure 4: Scatter Plot — Correlation Between MSC Homing Efficiency and Bone Volume

Fraction

DISCUSSION

The identified improvement in bone
regeneration and especially the use of
MSC-Hydrogel can be explained by the
multi-functional response of the hydrogel
to the local microenvironment and
angiogenesis promotion and macrophage
polarization (as demonstrated by a
significant decrease in the M1:M2 ratio)
(Ding et al., 2024). This
immunomodulatory action, where MSCs
reprogram the macrophages to an M2
phenotype, is important in promoting a pro-
healing  environment that  allows
osteogenesis and angiogenesis as evidenced
by the results that show that M2
macrophages stimulate tissue repair and
regeneration (Yang et al., 2024). Not only

does this reduce pro-inflammatory

responses but also upregulates the
necessary growth factors and cytokines,
establishing an accommodative niche of
osteogenic differentiation and speedy bone
repair (Wu et al., 2023; Zhang et al., 2024).
The slower dissolution of growth factors in
these types of biomaterials is also known to
enhance bone union rates and new bone
formation, thus alleviating inflammatory
reactions and improving regenerative
effects (Kitahara et al., 2024). Moreover,
hydrogels provide a supportive
microenvironmental condition to keep the
MSCs alive, retaining their own abilities to
release growth factors and initiate essential
cellular responses to progenitor endothelial
cells, which subsequently induce in vitro
and ectopic osteogenesis (Frasca et al.,

2017). This staged interaction between
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MSCs and hydrogel matrix does not only
promote direct osteoinduction, but also
indirectly leads to regenerative success by
promoting secretion of pro-angiogenic
factors such as VEGF and osteogenic
factors such as BMP-2 by the M2
macrophages (Wu et al., 2023). Namely, it
has been demonstrated that the continuous
release of immunomodulatory factors, like
IL-4, by biomaterial-engineered constructs
is an effective way to polarize M1
macrophages to the M2 phenotype and
thereby decrease the production of
inflammatory cytokines, such as TNF-a, as
well as increase the expression of
osteogenic transcription factors, such as
Runx2 and These changes in macrophage
phenotypes are vital as M2 macrophages
actively promote angiogenesis and
osteogenesis by releasing pro-angiogenic
cues such as VEGF and osteogenic cues
such as TGF-B1 and BMP-2 (Zhang et al.,
2025). This interaction highlights the
significance of engineered bio-materials,
including specific hydrogels, in the
coordination of the local immune response
and  facilitation of an  optimal
microenvironment to achieve complete
bone regeneration (Mi et al., 2023; Ni et al.,
2025). In fact, the pro-healing factor
expressed by M2 macrophages also plays a
critical role in the boosting of in situ stem
cell recruitment and angiogenic

differentiation, further highlighting the

synergistic stimulation of osteogenesis and
vascularization (Mi et al., 2023; Wu et al.,
2024). This immunomodulatory capability
is further enhanced by the capability of
hydrogels to entrap and transfer pre-
programmed immune cells, including
macrophages or monocytes, and thus has
the potential to provide a more specific and
effective therapeutic response in more
complex bone defects (Zhang et al., 2025).
This is a complex method of exploiting
biomaterial scaffold regenerative potentials
of the host immune system by strategically
placing cellular therapeutics. This is
especially  when  considering  that
macrophages can be programmed into pro-
inflammatory M1 or anti-inflammatory M2
states, the latter of which play a crucial role
in stimulating osteoblast differentiation,
migration, and angiogenesis that are
essential in new bone formation (Lou et al.,
2022; Ni et al., 2025). The subtle regulation
of the polarization of macrophages,
consequently, is a key approach to the
development of biomaterials that can allow
them to systematically control the temporal
and spatial components of the immune
response to maximize bone regeneration
(Dong et al.,, 2023). The behavior of
immune cells and macrophage polarization
can also be significantly impacted by
physical cues of biomaterials, including
stiffness, topography, and pore
architecture, and induce a desirable M2
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phenotype to improve bone repair (Yang et
al., 2025). In addition, mechanical
properties and surface properties of these
biomaterials may directly influence cellular
responses, such as macrophage activation
and differentiation, and, therefore,
determine the final regenerative outcome
(Bi et al., 2024). This complex biomaterial
design-immunomodulation interaction
underscores the prospect of creating
scaffolds that can precisely regulate the
immune response, thus accelerating bone
healing and preventing complications
caused by chronic inflammation (Schlundt
et al., 2015; Zhang et al., 2025). This is
especially well-adapted to hydrogels,
which have tuneable properties that provide
an avenue to introduce immunomodulatory
factors or cells that can be used to induce
macrophage polarization to an M2 pro-
regenerative phenotype (Mi et al., 2023;
Zhang et al., 2025). These antimicrobial
immunomodulatory hydrogels will be a
powerful innovation, integrating both
antimicrobial therapy and regenerative
medicine to eliminate pathogens but at the
same time steer the immune response to
induce bone regeneration (Zhang et al.,
2025). Further study and effective
translation of such strategies can open the
path to better results in patients with
chronic bone infections and extensive bone
defects where existing therapies are not
usually adequate (Zhang et al., 2025).

Particularly,  the incorporation  of
antimicrobial agents, immunomodulatory
factors, and bioactive factors into novel
hydrogel designs allows to eliminate
pathogens and at the same time guide
macrophages towards a pro-regenerative
phenotype (Zhang et al., 2025). These
hydrogel systems are designed to initially
serve as an antimicrobial depot to sterilize
the wound and then switch to a regenerative
scaffold that promotes the mechanisms of
healing in the body by modulating the
release profiles and the material properties
(Zhang et al., 2025).

CONCLUSION

Conclusively, this paper illustrates that
mesenchymal stem cell therapy, especially
when placed in a fibrin hydrogel carrier,
can greatly promote bone regeneration in
critical fracture cases that have critical-
sized defects. The findings determine that
MSC-hydrogel treatment yields a better
outcome in various regenerative parameters
such as 72.9 percent bone volume fraction,
238.5 N maximum load to failure, and 0.11
M1:M2 macrophage ratio in comparison to
the conventional autograft and control
groups. This elevated regeneration is
supported by the following three
interconnected mechanisms: first,
increased MSC homing that was
characterized by a chemotactic sensitivity
coefficient of 7.15x 10 -4 cm 5s-1ng -1
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and a retention half-life of 18.6 days;
second, effective immunomodulation as
demonstrated by an 83 percent decrease in
IL-12 and successful polarization of M The
central role of the effective cell delivery is
confirmed by the high correlation between
homing efficiency and the bone volume
fraction (R 2 = 0.96). These results help
solve significant translational challenges
because they show that hydrogel
encapsulation maintains MSC viability and
bioactivity in the adverse fracture
microenvironment and facilitates a pro-
healing immune response. Future clinical
uses ought to focus on improving hydrogel
formulations  to  further  increase
chemotactic gradients and extend paracrine
signaling, possibly with osteoinductive
growth factors or pre-polarized M2
macrophages. Although rodent models
have their limitations, the quantitative
model developed here has a strong basis to
scale to large animal models and eventually
develop cell-based therapies that will
substitute autografts as the gold standard in

treating non-unions and large bone defects.
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