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Prolonged irrigation time in
endoscopic agueous medium
impairs MSC/B-TCP adhesion and

osteogenic potential

Wugui Chen!?, Guangfeng Ling?, Chengshou Lin!, Hengmei Chen?, Kongning Chen?,
Shijie Chen?, Yuchao Ye' & Chengzhao Liu'™*

To evaluate the effects of an endoscopic aqueous environment on the viability and differentiation
capacity of autologous bone marrow mesenchymal stem cells (MSCs) enriched with B-tricalcium
phosphate (B-TCP). A screening-enrichment-combination circulating system (SECCS) was used to
prepare MSCs/B-TCP from a patient. A simulated aqueous flushing environment for spinal endoscopic
surgery was established with different flushing times (0-60 min). Scanning electron microscopy (SEM)
was employed to determine the adhesion and condition of MSCs/B-TCP. CCK-8 was used to determine
the viability of adherent MSCs. The osteogenic, adipogenic, and chondrogenic differentiation
potentials of adherent MSCs were assessed with alizarin red, alkaline phosphatase, Oil Red O, and
toluidine blue staining. A subcutaneous implantation mouse model was utilized to evaluate the
osteogenic capacity of MSCs/B-TCP under different aqueous flushing conditions using micro-CT,
haematoxylin—eosin staining, and Von Kossa staining. SEM revealed sustained MSC adhesion on
B-TCP across all irrigation durations (0-60 min), with no differences in adhesion density. However,
cell viability declined significantly after 30 min(P < 0.05). Differentiation assays demonstrated time-
dependent impairments: osteogenic and adipogenic potentials decreased significantly at 30 min
(P<0.05), chondrogenic morphology disorganized after 15 min, while ALP activity declined only at
60 min (P <0.05). In vivo, irrigation >15 min markedly reduced bone formation (P <0.05) and parallel
reductions in mineralized matrix(P <0.05). In summary, prolonged irrigation (>15 min) in the spinal
endoscopic aqueous environment compromises MSC/B-TCP adhesion and osteogenic capacity.
Optimizing surgical efficiency and strictly controlling the irrigation time and pressure are critical in
preserving graft performance for successful bone fusion.
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Lumbar interbody fusion (LIF) is a widely recognized surgical method utilized for addressing various
degenerative spinal conditions!. In an effort to reduce surgical trauma, researchers have concentrated on
endoscopic techniques for performing lumbar fusion, which include transforaminal endoscopic LIF (TE-LIF),
endoscopic assisted LIF (Endo-ALIF), and unilateral biportal endoscopy-TLIF (UBE-TLIF)*-. These methods
have been developed as minimally invasive options compared to conventional open surgery for degenerative
spinal issues, resulting in less tissue trauma and faster recovery times. A defining feature of these procedures
is the application of continuous aqueous irrigation, which facilitates better visualization and preparation of the
endplates, an essential component for achieving successful fusion®. Nonetheless, this aquatic environment may
unintentionally compromise the bone graft materials inserted into the intervertebral space.

Autologous bone is widely regarded as the premier graft material for lumbar fusion; however, it frequently
proves inadequate in endoscopic procedures due to its limited capacity for decompression. Common alternatives
include allogeneic bone, xenogeneic bone, and synthetic bone. Scaffolds made from P-tricalcium phosphate
(B-TCP) exhibit both osteoconductivity and biocompatibility, although they require osteogenic augmentation.
The integration of mesenchymal stem cells (MSCs) with B-TCP helps to meet this requirement”%. Nonetheless,
stem cells make up a very small portion of the bone marrow, and acquiring adequate amounts of these cells is a
major challenge limiting their use in clinical settings. Presently, strategies for MSC enrichment mainly involve
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harvesting autologous bone marrow, followed by techniques like centrifugation, flow cytometry sorting, or in
vitro culture expansion®!?. However, these methods present considerable difficulties, as they typically demand
advanced equipment and specialized skills while also carrying risks of contamination, genetic variability, and
ethical concerns!!.

Our cooperative group has developed a screening-enrichment-combination circulating system (SECCS) that
rapidly enrich autologous MSCs through a closed-loop, nonculture process'>!. Preclinical data have confirmed
that SECCS-enriched MSCs/p-TCP retain multipotency and enhance B-TCP-mediated bone regeneration in
bone defects!>!4-16, Recently, Zhao et al. further confirmed that SECCS-derived MSCs/B-TCP achieved superior
3-month fusion rates versus local bone grafts in TLIF procedures (53.8% vs. 28.0%), with the equivalent
12-month fusion of 100% and functional outcomes'?. Nevertheless, whether dynamic irrigation inherent to
endoscopic surgery poses risks to MSC/B-TCP scaffold integrity remains uncharacterized.

According to the literature and our clinical experience, the average operative duration for full endoscopic
spinal fusion procedures typically ranges from 140 to 210 min, influenced by surgical complexity and operator
proficiency'”!8. In endoscopic LIF, the bone graft materials and cage are typically implanted after discectomy
and before the final irrigation'®-2!. Post-implant irrigation durations vary, but average 20-40 min for debris
clearance and further decompression. We hypothesized that prolonged irrigation, as encountered in endoscopic
spinal surgeries, would mechanically disrupt MSC adhesion to B-TCP and impair their osteogenic potential,
thereby contributing to suboptimal bone fusion outcomes. This study aimed to evaluate whether simulated
spinal endoscopic irrigation affects the adhesion, viability, and osteogenic capacity of MSC/B-TCP scaffolds
and to define time-dependent thresholds for fluid exposure in surgical protocols to optimize graft performance.

Methods

Material preparation

A screening-enrichment-combination circulating system (SECCS) (Shanghai Ninth People’s Hospital Affiliated
with Shanghai Jiao Tong University) was used to prepare B-TCP bone material enriched with bone marrow
MSCs (MSCs/B-TCP) according to a previously published protocol!®. Three healthy male (44-55 years old)
surgical donors were selected. Under general anaesthesia, 100 mL of autologous bone marrow was extracted
from the anterior superior iliac spine. The SECCS system comprises three main components: (1) a detachable
columnar double-layer filter box, which holds the porous biomaterial and facilitates hemofiltration; (2) a sealed
pipeline for fluid circulation; and (3) a peristaltic pump that drives the continuous circulation of the bone
marrow (Fig. 1A). During the procedure, 10 g of B-TCP particles were loaded into the inner filter box, which was
then secured to the outer box. The 100 mL of bone marrow was introduced into the pipeline, and the peristaltic
pump was activated to circulate the bone marrow through the porous B-TCP. After 15 min of circulation (60 r/
min, 50 Hz), the MSC-enriched B-TCP particles (MSCs/p-TCP composites) were prepared and ready for the
experiment. This study was approved by the Medical Ethics Committee of Fujian Medical University Affiliated
with Mindong Hospital (2021032503H). All methods were carried out in accordance with relevant guidelines
and regulations including the Declaration of Helsinki and local data protection laws and informed consent was
obtained from all participants and/or their legal guardians.

Experimental treatment and grouping

As shown in Fig. 1A, a 3000 ml saline bag was suspended at a height of approximately 1.7 m to ensure
sufficient water flow, generating an irrigation pressure of approximately 2.66-3.99 kPa (flow rate: 100 mL/min,
approximately 20-30 mmHg) under operating room temperatures (22-25 °C). The MSC/B-TCP particles were
placed in a cup, which was sealed with a rubber membrane, and the inlet and outlet were opened to mimic the
water medium irrigation environment under spinal endoscopy. To systematically evaluate the effects of prolonged
irrigation, the MSC/B-TCP constructs were categorized into six groups: (1) Negative Control (NC): f-TCP
scaffolds alone (without MSCs), irrigated for 0 min to assess the baseline scaffold properties. (2) Positive Control
(PC/0): MSC/B-TCP constructs irrigated for 0 min to establish the baseline cellular viability and adhesion. (3)
Experimental Groups: MSC/B-TCP constructs irrigated for 5, 15, 30, or 60 min, representing clinically relevant
intraoperative exposure periods and extended scenarios to comprehensively assess irrigation-induced impacts.

Assessment of the residual efficacy of BMSCs

For determination of the presence and residual rate of MSCs in MSCs/B-TCP after irrigation in a saline
environment, the MSCs/B-TCP from the different groups were gently washed with PBS and then fixed with
glutaraldehyde overnight at 4 °C. Following gradual dehydration and metal spraying, cell adhesion was directly
observed by scanning electron microscopy (SEM)'3.

Assessment of the viability of residual BMSCs

Following aqueous irrigation, MSC/B-TCP particles were gently rinsed with phosphate-buffered saline (PBS;
Gibco) to remove nonadherent cells. Adherent cells were then cultured for 24 h before CCK-8 analysis. The
cultured cells were quantified by using the CCK-8 assay (Beyotime Biotechnology). Briefly, cells were incubated
with 10 pL of the CCK-8 reagent for 2 h at 37 °C, and absorbance of the supernatant was measured at 450 nm on
a microplate reader (Tecan Infinite M Nano). Data were normalized to untreated control cells (0-min irrigation
group) to calculate relative cell viability.

Determination of the multidimensional differentiation potentials of adherent MSCs/B-TCP

After the MSC/B-TCP particles were rinsed with water, the adherent cells were digested with trypsin (Sigma)
and repeatedly washed with PBS. The collected cells were centrifuged to obtain adherent cells, which were then
cultured and subjected to osteogenic, adipogenic, and chondrogenic induction assays. Osteogenic differentiation
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1. Experimental setup, SEM analysis and the viability of MSCs/B-TCP after water medium irrigation. (A)

A SECCS system was used to prepare f-TCP bone material enriched with bone marrow MSCs (MSCs/p-TCP),
and the experimental setup for water medium irrigation with MSCs/B-TCP is shown. (B) SEM images of p-
TCP alone (NC), enriched MSC/B-TCP(PC/0), MSC/B-TCP particles after irrigation for different durations (5,
15, 30, and 60 min), arrows showing MSC cell adhesion and surface morphology. The scale bars represent 5 pum
in the top images, 20 um in the middle images, and 100 pum in the bottom images. (C) Results of the CCK-8
assay of MSC/B-TCP particles after irrigation for different durations (0, 5, 15, 30, and 60 min), showing cell
viability (n=3). *P<0.05 versus the 0-min group, *P<0.05 versus the 30-min group.

was induced using DMEM supplemented with 10% FBS, 100 nM dexamethasone, 10 mM p-glycerophosphate,
and 50 pM ascorbic acid-2-phosphate. For adipogenic differentiation, DMEM supplemented with 10% FBS,
1 uM dexamethasone, 0.5 mM IBMX, 10 pg/mL insulin, and 200 pM indomethacin was utilized. Chondrogenic
differentiation was achieved using DMEM supplemented with 1% ITS, 100 nM dexamethasone, 50 uM ascorbic
acid-2-phosphate, 40 ug/mL proline, and 10 ng/mL TGF-{33.

1)

2

Osteogenic induction and staining procedure Cells were incubated in 12-well plates with osteogenic induc-
tion medium (HUXMX-90021, Cyagen Biosciences). On the seventh day, after washing with PBS, the cells
were fixed with 4% paraformaldehyde for 30 min and subsequently stained with alkaline phosphatase (ALP)
staining solution (Solarbio, China) at 37 °C for 30 min, followed by examination under a microscope. On
the twenty-first day, similarly, after washing with PBS, the cells were fixed with 4% paraformaldehyde for
30 min and then stained with Alizarin Red S (Cyagen Biosciences) as per the manufacturer’s instructions,
followed by microscopic observation. The relative area of staining in the images was assessed via Image]
software.

Adipogenic induction Cells were seeded into 12-well plates, cultured with adipogenic induction solution A
for 3 days, and then switched to adipogenic induction solution B for 1 day (HUXXC-90031, Cyagen Bio-
sciences). On day 21, the cells were washed with PBS, fixed with 4% paraformaldehyde for 15 min, and then
washed three times with PBS. The cells were subsequently stained with 0.5 ml of Oil Red O working solution
(Cyagen Biosciences) for 30 min, followed by three washes with PBS. The relative staining area of the images
was analysed using Image] software.
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(3) Chondrogenic induction Cells were placed in a 15 ml tube and subjected to centrifugation at 1500 rpm
for 5 min to eliminate the supernatant. Following this, 1 ml of chondrogenic induction medium (HUX-
MX-90041, Cyagen Biosciences) was added, and the cells were incubated for 48 h. The resulting cell pellet
was then moved to a fresh tube, with the culture medium being replaced biweekly. On the 28 day, the cell
pellet underwent fixation using 4% paraformaldehyde for 15 min, was stained at room temperature for an-
other 15 min with toluidine blue staining solution, and rinsed two times with PBS, retaining a small volume
of the PBS for subsequent microscopic examination.

Animal experiment

After the MSCs/B-TCP were irrigated with the water medium for different durations, equal volume samples
of MSCs/B-TCP were collected and implanted subcutaneously into the subdermal area of the backs of mice to
evaluate the effects of bone fusion. All animal experiments were conducted in strict accordance with protocols
approved by the Animal Ethics Committee of Fujian Medical University and followed the ARRIVE guidelines for
experimental design. Immunodeficient NOD/SCID mice (n=30, 12-week-old) received subcutaneous implants
of human MSC/B-TCP after the mice were assigned to groups using a random number table. No perioperative
mortality occurred. All mice were anesthetized via intraperitoneal injection of 3% sodium pentobarbital (50 mg/
kg) and euthanized by cervical dislocation four weeks following subcutaneous implantation. The samples were
harvested and scanned by micro-CT. Subsequently, three-dimensional (3D) image reconstruction was carried
out to observe new bone formation. Micro-CT scanning software (Bruker SkyScan 1272) was used to determine
the percentage of new bone formation.

Histological and histomorphometric analysis

After scanning, samples were obtained after confirming the absence of pain reflexes, and stained with Von
Kossa and haematoxylin-eosin (HE) as previously reported?2. Non-decalcified samples were embedded at low
temperature in PMMA and serial 54 um sections were stained with 5% silver nitrate (Von Kossa) for 30 min,
rinsed with distilled water, and developed with 5% sodium thiosulfate for 2 min. They were counterstained with
Nuclear Fast Red for 5 min. HE staining was performed after 4 weeks of fixation and decalcification. The samples
were stained with haematoxylin for 8 min, differentiated in 1% acid alcohol, and blued in Scott’s solution. Then,
they were counterstained with eosin for 2 min. For histomorphometric measurements, BV/TV was calculated as
the ratio of the bone area to the total tissue area using Image].

Statistical methods

The experimental data were meticulously analysed using SPSS 22.0 software. Measurement data are expressed as
means * standard deviations, with three replicates per group (n > 3). The normality of the data was verified by the
Shapiro-Wilk test (P>0.05), and the homogeneity of variance was assessed using Levene’s test. For comparisons
between two groups, independent t-tests were employed. When comparing three or more groups, one-way
ANOVA was conducted. If the ANOVA results indicated significant differences, multiple comparisons were
performed using a Least Significant Difference (LSD) test; otherwise, Dunnett’s t test was utilized. A P value of
less than 0.05 was considered to indicate statistical significance.

Results

Effects of water medium irrigation on the adhesion of MSCs/B-TCP

Following MSC enrichment by using the SECCS to generate MSC/B-TCP composites, we employed scanning
electron microscopy (SEM) to evaluate the impacts of different durations (0-60 min) of aqueous medium
irrigation on cellular adhesion. As shown in Fig. 1B, MSC-enriched -TCP particles demonstrated significantly
enhanced adhesion of bone marrow-derived cells compared with nonenriched B-TCP controls. Notably,
prolonged aqueous exposure did not result in significant differences in the cell adhesion density across the
irrigation durations (0-60 min).

Effects of water medium irrigation on the viability of MSCs/B-TCP

To assess the impact of aqueous irrigation on cell viability, the CCK-8 assay was performed on adherent MSCs/p-
TCP after irrigation for different durations. As shown in Fig. 1C, cell viability remained relatively stable in the
0-15-min groups, with no significant differences observed (0 min: 100.23 +2.84%; 5 min: 96.17 + 1.79%; 15 min:
96.07 +2.04%; P>0.05). However, a marked decline in viability was detected in the 30- and 60-min groups
(91.83+2.08% and 78.90+ 3.22%, respectively; P<0.05 compared with the control). These results indicate that
prolonged irrigation (>30 min) significantly compromises MSC adhesion and survival.

The effect of water medium irrigation on the differentiation potential of MSCs/B-TCP

To further investigate the impact of different durations of water medium irrigation on the differentiation potential
of cells in MSCs/B-TCP, we assessed the differentiation potential of bone marrow cells after rinsing with water.
The ALP staining results revealed that compared with that in the control group (0 min; 42.46+8.08%), the
relative ALP staining areas did not significantly differ among the 5-min (42.99 +5.54%), 15-min (41.86 +8.25%)
and 30-min (41.58+9.51%) groups, but that in the 60-min group (25.89+2.42%) significantly decreased
(P<0.05) (Fig. 2A,B). The Alizarin Red staining results indicated that as the irrigation time increased, the
relative staining area decreased over time, without significant differences among the 0-min (35.12+6.79%),
5-min (30.73+8.02%), and 15-min (28.54+3.17%) groups, but with a significant decrease relative to the 0-min
group for the 30-min group (26.78 +£6.57%) (P<0.05 vs. 0-min group) and relative to the 0 and 30-min groups
for the 60-min group (16.20+5.34%) (*P<0.05 vs. 0-min group and *P<0.05 vs 30-min group) (Fig. 2C,D). The
Oil Red O staining results also revealed that as the irrigation time increased, the relative staining areas decreased
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Fig. 2. Impact of irrigation duration on the biological activities of the MSC/B-TCP composites. (A,B) ALP
staining of MSCs/B-TCP at various irrigation times (0, 5, 15, 30, and 60 min) and quantitative analysis of ALP
staining (n=6). (C,D) Alizarin Red S staining of MSCs/B-TCP at various irrigation times (0, 5, 15, 30, and

60 min) and quantitative analysis of Alizarin Red S staining (n=6). (E,F) Oil Red O staining of MSCs/p-TCP
at various irrigation times (0, 5, 15, 30, and 60 min) and quantitative analysis of Oil Red O staining (n=6). (G)
Toluidine blue staining of MSC/B-TCP particles after irrigation for different durations (0, 5, 15 and 30 min)
revealed reduced staining intensity (n=6). *P<0.05 versus the 0-min group, *P<0.05 versus the 30-min group.

among the 0-min (27.69 +3.80%), 5-min (25.19£3.80%), 15-min (26.51+1.18%) and 30-min (23.64 +3.58%)
groups, with a significant decrease in the 60-min group (14.24+2.61%) (P<0.05) (Fig. 2E,F), while the number
of small oil droplets markedly increased.

In vitro chondrogenic induction experiments revealed that compared with the orderly chondrogenic
morphology in the control group, the chondrogenic formation became disordered after 15 min of irrigation,
with reduced staining intensity, and this effect was more pronounced at 30 min (Fig. 2G).

The effect of water medium irrigation on the osteogenic potential of MSCs/B-TCP in vivo

To further evaluate the in vivo osteogenic capacity of MSCs/B-TCP under different irrigation durations,
subcutaneous implantation models were analysed via micro-CT and histology. As shown in Fig. 3A, micro-CT
reconstructions demonstrated progressive reductions in new bone formation with an extended irrigation time.
Quantitative analysis (Fig. 3B) revealed a time-dependent decline in the bone volume/total volume (BV/TV)
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Fig. 3. Impact of the duration of water medium irrigation on the osteogenic capacity of MSCs/B-TCP in vivo.
(A,B) Micro-CT images of MSC/B-TCP particles after irrigation for different durations (n=6). (C,D) Von
Kossa staining of MSC/B-TCP particles after irrigation for different durations, which revealed a decrease in
mineralization (BV/TV) with an increasing irrigation time (n=6). (E,F) HE staining of MSCs/p-TCP particles
after different irrigation durations, indicating a reduction in BV/TV with longer irrigation (n=6). *P<0.05
versus the 0-min group, *P<0.05 versus the 5-min group.

ratio as follows: the 0-min group exhibited a BV/TV ratio of 54.33 £6.03%, followed by 52.00 +3.00% at 5 min, a
significant decrease to 33.33+7.64% at 15 min ("P<0.05 vs. the 0-min group and ¥P<0.05 vs. the 5-min group),
and a further reduction to 19.33+5.13% at 30 min ("P<0.05 vs. the 0-min group and *P<0.05 vs. the 15-min
group). These results indicate that irrigation beyond 15 min markedly inhibits osteogenesis in vivo.

Similarly, Von Kossa and HE staining (Fig. 3C-F) corroborated these findings. The results of Von Kossa
staining (Fig. 3C-D) indicated a gradual reduction in the deposition of mineralized matrix over time, specifically
as follows: 55.33£5.86% at 0 min, 56.67 +8.50% at 5 min (with no significant difference compared to 0 min),
while there was a significant decrease to 34.33+3.21% at 15 min ("P<0.05 vs. the 0-min group and ¥P<0.05
vs. the 5-min group), and a further reduction to 11.67 £3.51% at 30 min ("P<0.05 vs. the 0-min group and
#P<0.05 vs. the 15-min group). Additionally, HE staining (Fig. 3E,F) also demonstrated a decrease in BV/TV
in the group analysed at 15 and 30 min (32.00 +6.56% and 19.00+ 3.00 compared to 49.67 +7.23% in the 0-min
group) ("P<0.05 vs. the 0-min group, ¥P<0.05 vs. the 5-min group and *P<0.05 vs. the 15-min group), findings
that align with the results of the Von Kossa staining. Overall, the results indicate that prolonged irrigation
beyond 15 min significantly undermines the osteogenic function of MSCs/B-TCP in vivo, presumably because
of decreased cellular viability and hindered mineralization prospects.

Discussion
Failure of lumbar fusion can result in potential complications such as failure of internal fixation, adjacent
segment disease, persistent low back pain, neurological symptoms, and pseudoarthrosis, all of which can
adversely affect the long-term efficacy of the surgery?»?. Increasing the lumbar fusion rate has become a focal
point of research in lumbar surgery, and the materials used for the fusion cage and the interbody bone graft
are key factors that influence successful fusion®-%’. Current research focuses on increasing the osteogenic
efficacy of artificial bone substitutes by incorporating mesenchymal stem cells (MSCs) and p-TCP to optimize
bone material modification!>!*?8. In this study, we demonstrated that prolonged aqueous irrigation during
simulated endoscopic spinal surgery significantly impacted the osteogenic capacity of MSC/B-TCP composites.
Although cell adhesion remained robust up to 60 min of irrigation (SEM data), the osteogenic, adipogenic,
and chondrogenic differentiation potentials declined progressively, with marked reductions at 60 min. In vivo,
micro-CT and histological analyses confirmed diminished bone formation and mineralization under extended
irrigation for more than 15 min. Our results contrast those of static or nonirrigated models in which MSCs/-
TCP exhibited robust osteogenicity'>!.

Based on the results, we emphasize an important time-sensitive threshold (< 15 min) for maintaining MSC/f-
TCP functionality in surgical environments abundant in fluids. Although earlier in vitro research recognized
MSC-seeded B-TCP as a promising bone substitute?>?’, no prior investigation addressed the influence
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of dynamic irrigation, a vital factor for its wider clinical application. While no clinical studies have directly
correlated the irrigation duration with fusion rates, our data suggest that prolonged exposure (> 30 min) reduces
MSC viability, potentially contributing to reported fusion rates of 72.70-85.30% in certain studies utilizing
endoscopic LIF'®%, Future studies should track intraoperative irrigation times and confirm MSC retention.
From a clinical standpoint, this research highlights the necessity to refine surgical procedures during endoscopic
fusion to achieve a balance between operational efficiency and graft effectiveness®°.

To date, few studies have reported the mechanisms affecting MSC adhesion or osteogenic differentiation
directly in the water medium environment. Continuous irrigation under endoscopy creates a locally closed,
high-pressure water environment. This unique microenvironment and the various mechanical forces generated
may be key factors affecting MSC/B-TCP activity, including cell adhesion and differentiation?>*!. Continuous
irrigation generates hydrodynamic forces that may disrupt MSC/B-TCP adhesion. Moreover, prior studies have
suggested that shear stress activates mechanosensitive pathways (e.g., the YAP1/NFAT2 pathway) to promote
stem cell differentiation®*. Continuous water flushing creates a low-temperature, dynamically changing
oxygen concentration environment, which substantially impacts MSC osteogenic differentiation. Transient
cyclic pressure may promote osteogenesis, yet sustained high pressure in a closed endoscopic space might induce
cellular stress or apoptosis. The fluid in the endoscopic aqueous environment is typically maintained at room
temperature, and continuous in vivo washing can significantly reduce the local temperature, potentially altering
MSC metabolism. However, some studies proposed that short-term low-temperature stimulation might increase
MSC activity and the differentiation potential®4. Moreover, further research is needed to determine the specific
effects in vivo. Similarly, previous studies have shown that a transient hypoxic environment can optimize the
regenerative and therapeutic potential of MSCs, but severe or prolonged hypoxia may lead to functional loss®.
These potential mechanisms align with our results, demonstrating that adipogenic and chondrogenic lineages,
which are more sensitive to mechanical and metabolic stressors, showed earlier declines than did the osteogenic
lineage.

However, this study has several limitations. First, the flow rates, pressure, and temperatures in our in vitro
system may not fully replicate intraoperative conditions, which limits direct clinical extrapolation. Second, while
we observed functional declines in MSCs/B-TCP, the specific signalling cascades (e.g., apoptosis, oxidative stress,
or immunogenicity) that mediate these effects remain unvalidated, and the detailed molecular mechanisms
require further study. Transcriptomic/proteomic profiling of irrigated MSCs will help clarify molecular drivers of
their dysfunction. Finally, the long-term clinical impacts of irrigation on bone remodelling and graft integration
still need further investigation.

In summary, this study provides valuable insights into the effects of water medium irrigation on the adhesion,
viability, and differentiation capacities of MSC/B-TCP bone particles. To mitigate irrigation-related MSC loss,
surgeons may consider minimizing the irrigation time (< 15 min) after MSC/B-TCP implantation, using lower
flow rates during critical implantation phases, or pre-treating f-TCP with adhesion-enhancing coatings (e.g.,
fibronectin) before MSC/B-TCP implantation. Future research will focus on a more comprehensive evaluation
of the biological characteristics of cells after water medium irrigation and explore potential cell protection
measures to promote the clinical application of MSC/B-TCP bone particles in endoscopic lumbar fusion surgery.

Data availability
All the data generated or analyzed during this study are included in this published article and are available from
the corresponding author upon reasonable request.
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