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Abstract Tissue engineering is a promising tech-

nique for the repair of bone defects. An efficient and

homogeneous distribution of cell seeding into scaffold

is a crucial but challenging step in the technique.

Murine bone marrow mesenchymal stem cells were

seeded into porous hydroxyapatite scaffolds of two

morphologies by three methods: static seeding, semi-

dynamic seeding, or dynamic perfusion seeding.

Seeding efficiency, survival, distribution, and prolif-

eration were quantitatively evaluated. To investigate

the performance of the three seeding methods for

larger/thicker scaffolds as well as batch seeding of

numerous scaffolds, three scaffolds were stacked to

form assemblies, and seeding efficiencies and cell

distribution were analyzed. The semi-dynamic seed-

ing and static seeding methods produced significantly

higher seeding efficiencies, vitalities, and proliferation

than did the dynamic perfusion seeding. On the other

hand, the semi-dynamic seeding and dynamic perfu-

sion seeding methods resulted in more homogeneous

cell distribution than did the static seeding. For

stacked scaffold assemblies, the semi-dynamic seed-

ing method also created superior seeding efficiency

and longitudinal cell distribution homogeneity. The

semi-dynamic seeding method combines the high

seeding efficiency of static seeding and satisfactory

distribution homogeneity of dynamic seeding while

circumventing their disadvantages. It may contribute

to improved outcomes of bone tissue engineering.
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Abbreviations

HA Hydroxyapatite

3D Three-dimension

MTT 3-(4, 5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide

LDH Lactate dehydrogenase

MSCs Mesenchymal stem cells

Introduction

Tissue engineering uses three-dimension (3D) porous

scaffolds to support cell proliferation and differenti-

ation into functional tissues for the restoration of

human tissues (Ding et al. 2015). In this technique, cell

seeding on a scaffold is the first and a crucial step

affecting subsequent events, such as cell-scaffold

interactions and cellular activities. Homogeneous

distribution of cells in a 3D porous scaffold is a

desirable starting point for successful tissue engineer-

ing, but it remains a technical challenge. As opposed to

routine monolayer culture on a flat surface, seeding

cells into a porous scaffold is a difficult process, during

which the cells need to penetrate into a tortuous

structure by migration (Zhang et al. 2015). The

distribution of cells seeded into the scaffold is

influenced by multiple factors such as cell concentra-

tion, incubation time, and the material and microstruc-

ture of the scaffold (Costantini et al. 2016; Du et al.

2019). Current methods for cell seeding can be

categorized into static and dynamic approaches. In

static seeding, a cell suspension is added dropwise

onto the scaffold and allowed to infiltrate (under

gravity) over time. Although widely used, it frequently

involves a low cell seeding efficiency (i.e., percentage

of cells remaining inside the scaffold after incubation)

and an inhomogeneous cell distribution in the scaffold

(Lv et al. 2016; Vitacolonna et al. 2013, 2015). In

dynamic seeding, an external force (e.g., vacuum,

centrifuge, spinning, perfusion) is used to drive the

motion of the cell across the scaffold (Ding et al. 2015;

Kleinhans et al. 2015; Melchels et al. 2011). These

forces, however, may potentially create mechanical

damage to the cells (Melchels et al. 2011; Zhang et al.

2015).

Here, we report an effective semi-dynamic cell

seeding method to improve the efficiency and homo-

geneity of cell seeding. Two types of 3D porous

hydroxyapatite (Ca10(OH)2(PO4)6, HA) scaffolds with

different microstructural characteristics were used for

the study (Li et al. 2016a; Shi et al. 2017; Zhao et al.

2009). The objective of this study was to investigate

how these different seeding methods (i.e., static

seeding, semi-dynamic seeding, and dynamic perfu-

sion seeding) may affect the cell seeding efficiency

and the homogeneity, viability, and proliferation of the

cells seeded. Furthermore, in an attempt to compare

the application of the three seeding methods to larger

scaffolds or batch seeding of numerous samples, we

characterized the performance of these methods when

applied to vertically stacked scaffold assemblies.

Materials and methods

HA scaffold preparation

Two types of 3D porous HA scaffolds were prepared

by a porogen-based method and a polymer impregna-

tion method, respectively (Shi et al. 2017; Zhao et al.

2009). In the first method, an HA slurry (20 wt%HA in

a 2 wt% sodium alginate solution) was loaded in a

cylindrical mold (diameter 20 mm, high 5 cm)

prepacked with calcium alginate hydrogel beads

(diameter: 1300–1400 lm), and pushed with a plunger

to pass though the beads. Then, the mold was

immersed in a 0.1 MCaCl2 solution to induce gelation

of the HA slurry. The product was dried in air at 40 �C
overnight and calcined at 1200 �C for 2 h to form a

porous HA scaffold. In following sections, these

scaffolds are named Type-I.

In the second method, cylinders (diameter 20 mm,

high 2 cm) of polyurethane foam (pore size:

*300 lm; Xinchengfa Filter Equipment, Shenzhen,

Guangdong, China) was immersed in an HA slurry (30

wt% HA in a 5 wt% polyvinyl alcohol solution) for

five times to form a slurry coating on the struts.

Subsequently, the samples were dried at 100 �C
overnight, heated at 600 �C for 2 h to burn out the

foam, and sintered at 1200 �C for 2 h. These are

named Type-II scaffolds. All scaffolds prepared were

U10 9 8 mm in size.

Mesenchymal stem cell isolation

Mesenchymal stem cells (MSCs) were isolated from

Sprague Dawley rats (7–10 days old) as follows

(Soleimani and Nadri 2009). The bone marrow in the
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intramedullary canals of the tibiae and femurs was

flushed out with culture medium and resuspended in

low-glucose Dulbecco’s modified Eagle medium (LG-

DMEM, Gibco, Thermo Fisher, Waltham, MA, USA)

supplemented with 100 U/mL penicillin, 100 mg/mL

streptomycin, 2 mM L-glutamine, and 10 % fetal

bovine serum. The cells were cultured (5 % CO2, 37

�C) for 1 d; non-adherent cells were discarded; and the
medium was renewed. The adherent cells were further

cultured and passaged to a 65–70 % confluence.

Seeding methods.

All scaffolds were sterilized by autoclaving (121

�C, 30 min) and rehydrated in LG-DMEM for 2 h at

37 �C. Cells were seeded on scaffolds by three

methods as shown in Fig. 1. MSCs were harvested

with 0.25 % Trypsin-EDTA solution for 3 min at

37 �C, counted with a hemocytometer and then

resuspended to a certain concentration in cell medium.

Throughout the study, 5 9 105 cells were seeded on

each scaffold, but the cell concentration and the

volume of the suspension were varied as described

below.

Static seeding

Scaffolds were placed in a 24-well plate; a cell

suspension was pipetted on the top of each scaffold in

two manners: 50 lL of suspension containing 1 9 107

cells/mL or 100 lL containing 5 9 106 cells/mL

(Fig. 1a). The scaffolds were incubated (37 �C, 5 %

CO2, 100 % relative humidity) for 2 h to allow cell

attachment and further characterized as described

below.

Semi-dynamic seeding

A scaffold was placed in a semi-dynamic seeding

system consisting of a silicone tube and a rubber

plunger (Fig. 1b). Similarly, 50 lL of the suspension

containing 1 9 107 cells/mL or 100 lL containing

5 9 106 cells/mL was pipetted on the scaffold. The

plunger was drawn slowly to aspirate the suspension

into the scaffold. Then, the scaffolds were incubated

for 2 h. During incubation, the plunger was recipro-

cated three times.

Dynamic perfusion seeding

A custom-made perfusion bioreactor was placed in an

incubator (37 �C, 5 % CO2, 100 % relative humidity).

A scaffold was placed in the bioreactor ensuring that

LG-DMEM flowed vertically through the scaffold

(Fig. 1c). Cell suspension (20 mL of LG-DMEM

containing 5 9 105 cells) was loaded into the biore-

actor and driven to flow through the scaffold (1 mL/

min) with a peristaltic pump. The flow time was set to

2 or 6 h.

Cell seeding efficiency.

Seeding efficiencies for both type-I and type-II

scaffolds were determined bymeasuring the metabolic

activities of the cells seeded (Vitacolonna et al. 2015).

After the 2-h incubation for cell attachment, 1.5 mL of

LG-DMEM was added to each scaffold and incubated

Fig. 1 Schematic illustration of three seeding methods used; a static seeding; b semi-dynamic seeding; c dynamic perfusion seeding.

The black arrow indicates the flow direction of the cell suspension
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under standard conditions for 12 h. Subsequently, they

were transferred to a new 24-well plate, and 2 mL of

3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) reagent (5 mg/mL MTT in LG-

DMEM) was added into each well. The reagent was

transformed by mitochondrial dehydrogenase into

visually dark blue formazan deposits. After incubation

at 37 �C for 4 h, the culture medium was discarded,

and formazan was solubilized with dimethyl sulfox-

ide. The absorbance at 490 nm was measured with a

microplate reader (Synergie HT, Bio-Tek, Winooski,

VT, USA).

Cell membrane integrity, proliferation, distribution,

and apoptosis.

Membrane integrity

Damage to cells seeded on type-I scaffolds was

evaluated by measuring cell membrane integrity, as

indicated by the level of lactate dehydrogenase (LDH)

leaked into the culture medium. After incubation for

24 h, the medium was collected and centrifuged

(500 g, 10 min). The supernatant was assayed with

commercial LDH kits (Nanjing Jiancheng Bioengi-

neering Institute, Nanjing, Jiangsu, China) following

manufacturer’s instructions. LDH release by MSCs

seeded in 24-well plates (105 cells/well) was measured

and served as the control. Cell membrane integrity was

expressed as: activity measured from medium/activity

from control.

Cell proliferation

After incubation for 1, 3, 5, and 7 d, cell proliferation

was assayed by Alamar Blue tests. The scaffold was

rinsed with PBS, immersed in fresh culture medium

containing 10 % Alamar Blue reagent (Invitrogen,

Carlsbad, CA, USA), and incubated at 37 �C for 4 h.

Then, 200 lL of the liquid was aspirated to a 96-well

plate and the absorbances at 570 and 600 nm were

measured. The data were expressed as percentage of

Alamar Blue reduction that correlates with the number

of cells. LG-DMEM was used as the blank control.

Cell distribution

Confocal laser scanning microscopy was used to

characterize cell distribution on the scaffold. After

incubation for 7 d, scaffolds were rinsed twice with

PBS and incubated (37 �C, in the dark) in PBS

containing 5 lM calcein-AM for 30 min. Images were

recorded (Nikon A1 plus) from* 0 to 1000 lmunder

the scaffold surface and reconstructed to 3D models

(Nikon NIS Viewer 2.5.5) to visualize cell distribution

and migration.

Cell apoptosis

After incubation for 5 d, the scaffold was rinsed twice

with cold PBS, and the cells were detached by

immersion in 2mL of 0.5 % trypsin. The cell suspen-

sion was centrifuged at 1000 rpm for 3 min before

removed the supernatant. Then added PBS to wash

cells, centrifuged at 1000 rpm for 3 min and removed

supernatant. They were stained with Annexin V-FITC

Apoptosis Detection Kit (Beijing 4 A Biotech, Bei-

jing, China) and analyzed by flow cytometry (FACS

ARIA II; BD Biosciences, San Jose, CA, USA). Data

were analyzed (FlowJo 7.6.1; Tree Star, Ashland, OR,

USA) by quantifying the fluorescence emitted by

Annexin V (phosphatidylserine: apoptotic cells) and

PI (DNA: dead cells) in each event. A single-cell gate

was used to exclude aggregated cells (doublets,

triplets), and 30,000 gated events were collected for

each analysis. The cells with DNA content less than

that of cells at the G1 phase were identified as

apoptotic cells.

Seeding on stacked scaffold assembly.

It was envisioned that, larger and thicker scaffolds

than those described in previous sections may also be

required in clinics. Thus, it would be important to

compare the distribution of cells seeded into thicker

scaffolds by different methods. Three scaffolds were

stacked vertically to form a cylindrical assembly. Each

assembly thus formed was seeded by the three

methods as if it had been one, albeit thicker, scaffold.

In each assembly, the three scaffolds were termed

(from top to bottom) layers 1, 2, and 3, respectively.

After seeding, the assembly was unassembled, and

each scaffold was incubated (37 �C, 5 % CO2, 100 %

relative humidity) for 2 h to allow cell attachment

separately. Subsequently, they were analyzed by MTT

test (Sec. 4.4.1) to quantitate cells in the three layers.

Statistical analysis

All data were expressed as mean ± standard devia-

tion. The differences between two groups were
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analyzed by t-test. Differences between three groups

were analyzed by analysis of variance (ANOVA;

SPSS 15.0, IBM, Armonk, NY, USA) and Tukey

multiple comparison test. A p-value\ 0.05 was

considered statistically significant, and a p-value\
0.01 highly significant.

Results

Scaffold morphology

The type-I scaffold had a cancellous morphology with

interconnected spherical macropores (average size:

754 ± 21 lm) (Fig. 2a). The type-II scaffold showed

a foam-like morphology with an average macropore

size of 275 ± 17 lm (Fig. 2b). The porosities of the

two types of scaffolds were 82.5 ± 3.7 % and

87.3 ± 2.9 %, respectively. With satisfactory perme-

ability but highly different pore size ranges, the two

types of scaffolds were deliberately used to examine

the applicability of the three seeding methods.

Cell seeding efficiency and cell membrane

integrity

Identical number (5 9 105) of cells were seeded on all

scaffolds under different conditions (suspension vol-

ume, cell density, inoculation time) to compare

seeding efficiencies and screen optimal parameters.

For type-I scaffolds, by static seeding, addition of 50

lL of cell suspension gave a significantly higher

seeding efficiency than adding 100 lL (p\ 0.01)

(Fig. 3a). For semi-dynamic seeding, however, no

statistically significant difference was observed

between addition of 50 lL or 100 lL. For dynamic

perfusion seeding, perfusion for 6 h yielded a signif-

icantly higher seeding efficiency than did perfusion for

2 h (p\ 0.01). Furthermore, comparison of the three

seeding methods working under their optimal condi-

tions found that, static seeding and semi-dynamic

seeding produced significantly higher seeding effi-

ciencies than dynamic seeding (p\ 0.01) (Fig. 3a).

Similar trend and statistical differences in seeding

efficiency were also observed from Type-II scaffolds

(Fig. 3b). Comparison between the two types of

scaffolds found that, under comparable conditions

(e.g., suspension volume, inoculation time), seeding

efficiencies were slightly higher in the Type-II than in

Type-I. This may be explained by the smaller pore size

and larger specific surface area of the Type-I, which

offers a greater area for cell adhesion.

The LDH level in the medium indicates the degree

of cell membrane damage caused by the cell seeding

operation. For type-I scaffolds, the LDH levels

measured after static seeding and semi-static seeding

were 4.53 % (p = 0.0029) and 4.38 % (p = 0.0093)

lower than that recorded after dynamic seeding

(Fig. 3c), respectively; both differences were highly

statistically significant. Additionally, the LDH level

measured after semi-static seeding was 0.15 %

(p = 0.237) lower than that from static seeding, and

the difference was not statistically significant. These

indicate that, the repeated aspiration force generated

by the semi-dynamic seeding method was mild so that

the damage was markedly reduced (vs. dynamic

Fig. 2 Scanning electron micrographs of a type-I and b type-II scaffolds
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perfusion seeding). Similar trends were observed from

type-II scaffolds (not shown for brevity).

Cell proliferation, distribution, and apoptosis

Figure 4a depicts the proliferating profiles of the cells

seeded on type-I scaffolds. Generally, cells seeded by

all three methods proliferated well, exhibiting classi-

cal tri-phasic curves. At the first phase (1–3 d), the cell

proliferation was negligible (for dynamic seeding) to

moderate (for static and semi-static seeding). On day

1, the scaffolds seeded by the dynamic method

contained 13.0 % fewer cells than those seeded by

the static method, as may be expected from its lower

seeding efficiency (Fig. 3). At the second phase (3–5

d), the cell numbers increased by 15.0 % (static

seeding), 24.6 % (semi-static seeding), and 12.9 %

(dynamic seeding), respectively. At the third phase

(5–7 d), the cell number further increased (vs. day 5)

by 1.88 % (static seeding), 12.1 % (semi-static seed-

ing), and 5.41 % (dynamic seeding), respectively.

Fluorescence microscopy of type-I scaffolds seeded

by the static method revealed a large number of cells

and a substantial cell aggregation (Fig. 4b). In

comparison, the scaffolds seeded by the semi-dynamic

method gave a more homogeneous cell distribution

(Fig. 4c). This appears to be consistent with the

greater proliferation between days 3–7 of cells seeded

by the semi-dynamic method compared with those

seeded by the static one (Fig. 4a), as homogeneously

distributed cells would experience less contact inhibi-

tion. The scaffolds seeded by the dynamic method

showed a small number of cells but a uniform

distribution (Fig. 4d), as may be expected from its

lowest seeding efficiency and dynamic nature.

Flow cytometry revealed that, after incubation for 5

d, the proportions of apoptotic cells seeded on the

type-I scaffolds by the semi-dynamic method or the

dynamic method were both significantly lower than

that derived from the static method (both p\ 0.01)

(Fig. 4e-g). Furthermore, the proportion of apoptosis

cells (Q2 ? Q3) measured from the semi-dynamic

method was 2.64 % lower than that from the dynamic

one, and the difference was not statistically significant

(p = 0.183). These show that the semi-dynamic and

dynamic seeding methods yielded similar cell viabil-

ities. Similar trends in cell proliferation, distribution,

Fig. 3 Cell seeding efficiencies of three seeding methods for a type-I and b type-II scaffolds and c LDH levels measured from cells

seeded
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and apoptosis were also observed from type-II scaf-

folds (not shown).

Seeding into scaffold assembly.

To compare the performance of different seeding

methods for larger scaffolds, three scaffolds were

vertically stacked, and seeding efficiency and cell

distribution for such stacked assemblies were

investigated. Generally, for both types I and II

scaffolds, the overall seeding efficiencies (i.e., aver-

aged seeding efficiencies for layers 1–3) measured

from scaffold assemblies were similar to those

recorded from individual scaffolds (Fig. 5 vs. 2).

Furthermore, compared with dynamic perfusion

Fig. 4 Proliferation curves, fluorescence micrographs and

apoptosis of cells seeded on type-I scaffolds by (b, e) static

seeding, (c, f) semi-dynamic seeding, and (d, g) dynamic

perfusion seeding. (e-g) Flow cytometry plots: Q1 represents

necrotic cells; Q2 represents cells at a late stage of apoptosis; Q3

represents cells at a late stage of apoptosis, Q4 represents viable

cells
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seeding, the static and semi-dynamic seeding methods

yielded higher overall seeding efficiencies (Fig. 5).

Type-I scaffolds

After static seeding, 51.7 % of the seeded cells were

distributed in layer 2 whereas layer 1 retained 20.7 %

(Fig. 5a). This pattern appears because the large pores

of the scaffolds allow easy downflow of the cell

suspension under gravity, preventing layer 1 from

fully retaining the suspension. Additionally, the sus-

pension is held in the pores by interfacial forces such

as capillary force; consequently, when the suspension

moves to certain depth, the area of interaction

becomes sufficiently large to hold the suspension

(vs. gravity). This discourages further downward flow

of the suspension, resulting a low seeding efficiency at

layer 3.

After semi-dynamic seeding, 32.6 %, 34.3 %, and

33.1 % of the cells were distributed in layers 1–3

(Fig. 5a), and ANOVA found no statistically signif-

icant difference among the three layers, indicating the

homogenizing effect of the aspiration movement of

the plunger. After dynamic perfusion seeding, 35.3 %,

31.8 %, and 32.9 % of the cells were distributed in

layers 1–3, exhibiting a homogeneity expected from

the continuous flow of the suspension.

Type-II scaffolds

Compared with the type-I scaffolds, the type-II

showed generally similar trends of seeding efficiencies

but slightly higher values (Fig. 5b). This marginal

difference is probably attributable to the smaller pores

of the type-II, which provided a larger surface area for

cell adhesion. Additionally, after static seeding, layer

1 had a significantly higher seeding efficiency than

layers 2 and 3 (79.05 % vs. 16.68 % and 4.27 %). This

is also explained by the small pores of the type-II,

which impedes the initial downward flow of the

suspension. In comparison, after semi-dynamic or

dynamic perfusion seeding, the three layers had

homogeneous distribution of cells.

Fig. 5 Layer-wise cell seeding efficiencies for a type-I and b type-II scaffolds and c cell distribution in three layers of scaffold

assemblies
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MTT staining

MTT staining of each layer showed that, for both types

of scaffolds, after semi-dynamic seeding or dynamic

perfusion seeding, the three layers were relatively

homogeneously stained (Fig. 5c). Those seeded by the

dynamic perfusion were more lightly stained com-

pared with those seeded by the semi-dynamic method,

consistent with its lower seeding efficiencies (Fig. 5a-

b). Moreover, after static seeding, the type-I assembly

exhibited a more intense staining in layer 2 than the

other layers, and the type-II showed a more intense

staining in layer 1, also consistent with above results.

These observations demonstrate that, the static seed-

ing is prone to producing longitudinally inhomoge-

neous cell distribution for relatively thick scaffolds. In

comparison, the semi-dynamic and dynamic perfusion

seeding offer improved longitudinal homogeneity,

with the former giving a higher overall seeding

efficiency (Fig. 3).

Discussion

Earlier studies have demonstrated that the distribution

of cells on scaffolds affects their subsequent prolifer-

ation and differentiation (Hori et al. 2016; McBeath

et al. 2004; Theodoridis et al. 2020; Wu et al. 2020).

For cells of low proliferating activities or scarce

sources, increasing the seeding efficiency is of partic-

ular values. A high cell seeding efficiency is con-

ducive to cell-cell communication and signal

transmission, thereby promoting the secretion and

differentiation of extracellular matrix (McBeath et al.

2004). Hori et al. found that, increasing the efficiency

of cell seeding on b-tricalcium phosphate granules

contributed to improved in vivo bone formation.

Therefore, seeding is key to ensuring successful

preparation of tissue-engineered constructs (Florczyk

et al. 2012; Hori et al. 2016; Salita et al. 2016; Wang

et al. 2014; Zhang et al. 2015). Obviously, scaffold

microstructure affects the distribution of cells seeded,

with a high porosity and permeability benefiting a

homogeneous distribution (Chen et al. 2017; Melchels

et al. 2010; Olivares and Lacroix 2012).

The conventional static seeding is influenced by

factors such as material properties and shape of the

scaffold, and it is difficult to ensure the homogeneity

and reproducibility of seeding. When the cell

suspension is seeded on the surface of a scaffold, it

is drawn into the scaffold by gravity and capillary

force (Baba Ismail et al. 2018; Bai et al. 2015). When

the volume of the cell suspension becomes sufficiently

large, the suspension may flow out from the bottom of

the scaffold to the well plate, resulting in a significant

reduction in the cell seeding efficiency. However, it is

impossible to simply minimize the volume of the

suspension, as this would impair the homogeneity of

cell distribution in the scaffold. Excessively high local

cell concentrations (Fig. 5b) also cause injurious

effects such as contact inhibition and cell death due

to local hypoxia (Dong et al. 2002; Hong et al. 2014).

Several strategies have been reported to improve the

distribution of cells seeded by static seeding, such as

multi-point seeding (Zhang et al. 2015), increasing the

viscosity of cell suspension (Cámara-Torres et al.

2020; Choi et al. 2017; Florczyk et al. 2012), and the

use of siphoning (Yamanaka et al. 2015). However,

due to the passive nature of cell dispersion, static

seeding experiences inherent limitations for 3D porous

or complex-shaped scaffolds. Jian Dong et al.(Dong

et al. 2002) used static seeding method to inoculate

bone marrow pre-osteoblasts on a porous b-TCP
scaffold and implanted in animals to promote bone

formation in vivo. However, the new bone tissue was

mainly distributed in the periphery of the scaffold,

while the internal pores were free of new bone tissue.

Combined with the previous analysis of cell inocula-

tion results, it may be due to that the distribution of

cells was not uniform after static inoculation, and there

were many cells on the surface of scaffolds. With cell

proliferation, a layer of cell shielding layer was

formed on the surface, which hindered the migration

and growth of cells/tissues to the internal pores of

scaffolds.

Dynamic seeding methods, especially dynamic

perfusion seeding, overcomes the above disadvan-

tages but their seeding efficiencies are generally low

(Costantini et al. 2016; Lemonnier et al. 2014), as a

result of the use of a large volume of suspension to

allow perfusion. Furthermore, at higher flow rates,

cells could be detached from the scaffold surface

(Kitagawa et al. 2006). In contrast, in our semi-

dynamic seeding method, a small volume of suspen-

sion was sucked into the scaffold by aspiration,

eliminating the disadvantages of both static and

dynamic-perfusion seeding methods. This translated

into improved seeding efficiency and initial cell
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distribution in scaffolds, which favored subsequent

proliferation (Figs. 3a-b and 4a).

Cell membrane damage has been frequently over-

looked in previous studies of tissue engineering. It

impairs normal cell-cell interactions required for

tissue engineering and even leads to cell death (Li

et al. 2016b). In dynamic-perfusion seeding, cell

viability is affected by the flow rate of the suspension

(Vila et al. 2016; Zhao and Ma 2005). The fluid flow

impairs cell adhesion due to its shearing action (Vila

et al. 2016; Zhao and Ma 2005). It can also mechan-

ically damage the cell membrane, leading to LDH

release (Yang et al. 2016). Cell membrane damage

may further affect cell adhesion, lowering the seeding

efficiency. In the semi-dynamic seeding, the aspiration

actions were slow and limited to four cycles (i.e., 1 for

seeding, 3 during incubation) to minimize potential

mechanical damage to the cell membrane. Cell

membrane damage may further affect cell adhesion,

lowering the seeding efficiency.

Tissue engineering frequently requires biological

evaluation of a large number of samples. Ensuring

consistency and uniformity during cell seeding is vital.

So far, few studies have considered the performance of

seeding methods for scaffolds of different microstruc-

tures or simultaneous seeding of numerous scaffolds.

In the present study, scaffold of two different porous

morphologies and stacked scaffold assemblies were

evaluated using three seeding methods. Fluorescence

microscopy can visualize cell distribution in porous

scaffolds, only cells on/near the surface can be

observed and the field of view is small (Tuin et al.

2016; Zhang et al. 2015). Histological sectioning can

also reveal the distribution of cells in 3D porous

scaffolds, but the process is tedious (Ding et al. 2008;

Filipowska et al. 2016; Melchiorri et al. 2016). In this

study, stacking of multiple scaffold layers combined

with MTT staining (Reinwald et al. 2014; Su et al.

2014) provided a straightforward technique for char-

acterizing the longitudinal distribution of viable cells

in the scaffold. This technique showed that, consistent

with previous assay results (Fig. 5a-b), scaffolds

seeded by the three methods had different numbers

and patterns of viable cell distribution cells (Fig. 5c)

with the semi-dynamic one producing the optimal

homogeneity and seeding efficiency.

Conclusions

A semi-dynamic seeding method was developed for

seeding MSCs on 3D porous HA scaffolds. This

method produced an increased seeding efficiency and

decreased cell membrane damage compared with

dynamic perfusion seeding method. It also yielded

an improved initial cell distribution homogeneity

compared with the common static seeding method.

Thus, this method integrates the advantages of the

other two methods while circumventing their disad-

vantages. This new method is expected to launch a

new application in bone tissue engineering.

Acknowledgements This research was funded by National

Natural Science Foundation of China (2016YFB0700803),

Sichuan Science and Technology Program (2020065,

21MZGC0218), Major Project of Education Department in

Sichuan Province (18CZ0019), Startup Program of Southwest

Normal University (18Q069, 18Q030), Luzhou-SWMU

Strategic Cooperation Program (2017LZXNYD-J35).

Funding No competing financial interests exist.

Data Availability Statements The datasets generated during

and analyzed during the current study are available from the

corresponding author on reasonable request.

Declarations

Conflict of interest The authors declare no conflict of interest.

References

Baba Ismail YM, Reinwald Y, Wimpenny I, Bretcanu O, Dal-

garno K, El Haj AJ (2018) The Influence of Scaffold

Designs on Cell Seeding Efficiency in Establishing A

Three-Dimensional Culture Journal of Physics: Confer-

ence Series 1082:012072 doi:https://doi.org/10.1088/

1742-6596/1082/1/012072

Bai H, Wang D, Delattre B, GaoW, De Coninck J, Li S, Tomsia

AP (2015) Biomimetic gradient scaffold from ice-tem-

plating for self-seeding of cells with capillary effect. Acta

Biomat 20:113–119. doi:https://doi.org/10.1016/j.actbio.

2015.04.007
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