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Abstract: There is an increasing demand for bone graft substitutes that are used as 

osteoconductive scaffolds in the treatment of bone defects and fractures. Achieving optimal 

bone regeneration requires initial cell seeding of the scaffolds prior to implantation.  

In order to achieve an efficient seeding of the scaffolds, a novel cell seeding chamber was 

developed. The cell seeding chamber is a closed assembly that works like an hourglass. 

The position of the scaffold is between two reservoirs containing the cell suspension  

(e.g., blood or autologous bone marrow). The cell suspension at the upper reservoir flows 

through the scaffold by gravitational force. The cell suspension is collected at the lower 

reservoir. When the upper reservoir is empty the whole assembly is turned and the process 

starts again. In this study, a new compact cell seeding chamber for initial cell seeding has 

been developed that can be used in situ. The basic functionality of the cell seeding chamber 

was demonstrated with a blood substitute. 
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1. Introduction 

In spite of the high healing potential of the human body, a permanent loss of bone tissue is still  

an unsolved complex clinical problem [1,2]. Especially in elder people, critical size bone defects are 

common pathologies. The implantation of autologous bone tissue is currently the “golden standard” [3]. 

However, in more than 40% of these cases, autologous bone graft is not available [1]. Another 

disadvantage in using autologous bone grafts is the additional surgery which is necessary to extract the 

implant. However, there are other therapeutic approaches such as the use of allogenic, xenogenic or 

synthetic bone graft substitutes. Unfortunately, the healing behavior of these structures is insufficient. 

To improve the healing behavior of bone graft substitutes the scaffolds are vitalized with autologous 

cells which can be obtained, for example, from blood or from bone marrow [4]. 

There are microchip-based bioreactor systems that can organize cells into adherent multicellular 

aggregates [5,6]. There are also several systems that can vitalize non-living scaffolds [7–11]. Most of 

the systems however, are for research and for laboratory applications but there are also systems that can 

be used in situ, i.e., the operating theatre. Systems for lab use are usually very complex and risk of 

contamination of the scaffolds is always possible. This is the reason why these systems cannot be used 

in the operating theatre. Therefore, these kinds of bioreactors are only used for research in the field of 

tissue engineering applications. The advantages of these systems however, are the continuous medium 

flow through the scaffolds, an optimized nutrient supply of the cells as well as the removal of 

metabolism products. There have been developments to increase the mass transfer of cellular scaffolds 

not only at the periphery but also within the interior of scaffolds, increasing cellular proliferation,  

and osteogenic differentiation by perfusion bioreactors [12]. The scaffold is usually fixated in a little 

chamber and the cell suspension flows continuously through the scaffold. The cell suspension flow is 

usually generated by a pump [7], hydrostatic pressure or centrifugal forces [10,11]. 

The cell seeding chamber “chronOS Perfusion Concept” (Synthes Inc., West Chester, PA, USA) is a 

system which is applicable in the operating theatre. It is used by manually wetting the scaffold with a 

cell suspension (e.g., blood or bone marrow). The cell suspension is squeezed through the scaffold by 

consecutively moving the piston of a fixated syringe. However, the disadvantage is that it does not 

guarantee a continuous flow of the cell suspension and is susceptible to human error. 

This newly developed cell seeding chamber combines the advantages of both, laboratory and 

surgical systems. The system fulfills the main requirements for a feasible in situ cell seeding chamber 

by realizing a continuous and steady volume flow as well as a relatively easy setup and portability.  

The cell seeding chamber is a closed assembly with complete integrated functionality. 

2. Materials and Methods 

2.1. Cell Seeding Function 

In order to build a feasible cell seeding chamber, a number of requirements need to be met. The cell 

seeding chamber should continuously infiltrate the scaffold with a steady flow. The goal is to abstract 

around 15 mL of blood from a patient and insert it into the cell seeding chamber. 

The specifically designed chamber insures a continuous flow through the scaffold, so it can be 

initially seeded with cells. The cell suspension flow is driven by gravity. A volume of 15 mL will flow 
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through the scaffold in a range of 5 min. By turning the chamber 180° the process restarts, resulting to 

a closed loop system. 

The cell seeding chamber is depicted in Figure 1. It consists of a closed chamber (1). Inside the chamber 

there are two reservoirs (2). The cell suspension flow is adjusted by the dimensions of the reservoir 

(diameter/height) and the outflow channel (3). The cell suspension flows through the openings (4) and 

is collected in the lower reservoir. The scaffold is fixed between these two reservoirs (5). The cell 

suspension is provided in one of these reservoirs. The whole assembly will be positioned in a way that 

the reservoir containing the cell suspension is on top of the fixed scaffold (6). The cell suspension 

flows out of the reservoir, driven by gravity. The cell suspension drips on the fixed scaffold and flows 

through the scaffold. The cells in the cell suspension adhere to the surface of the scaffold during this 

process. At the time when the upper reservoir is empty and the whole cell suspension is collected in the 

lower reservoir the cell seeding chamber (1) is turned manually by 180° and the process restarts. The 

cell suspension is injected via syringe through a septum (7). 

Figure 1. Schematic presentation of the newly developed cell seeding chamber. 

 

2.2. Blood Substitute 

A typical cell suspension (e.g., blood or bone marrow) is a non-Newtonian fluid. For the experiments, 

a blood substitute was used. Non-Newtonian blood substitutes are often based on polymer solutions, 

for example mixtures of water and glycerin or mixtures of water, glycerin and xathan. Sometimes 

solutions of polyacrylamide are used [13–15]. The viscosity of the blood substitute was measured and 

adjusted in relation to the flow rate in the cell seeding chamber. The basic functionality of the cell 

seeding chamber was tested with a solution of water and xanthan (0.05 wt%) [15]. Viscosity of the 

blood substitute was checked with the rheometer Mars 2 (Haake, Thermo Fisher Scientific Inc., 

Waltham, MA, USA), resulting in properties close to blood. 
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2.3. Analytical Approach of the Cell Suspension Flow 

The cell suspension flow out of the upper reservoir can be divided into three sections. 

1. At first a cell suspension flows out of a reservoir with a variable cell suspension level (h(t)); 
2. The second section is a cell suspension flow through the outflow channel; 
3. At last there is a drop formation at the end of the outflow channel; 

In terms of the Bernoulli equation [16], 

ߩ ∙ ܿଵଶ2 + g ∙ ߩ ∙ ℎଵ = ߩ ∙ ܿଶ2 + ߩ ∙ dܿ௜(ݐ)݀ݐ · ௜ܣ · න dܣݏୗమ
ୗభ  (1)

The pressure difference which is necessary for the cell suspension to flow is mainly generated by 

the hydrostatic pressure. Therefore, the length (l) and inner diameter (di) of the second section are the 

significant parameters. The cross section of the outflow channel (AA) is much smaller than cross 

section of the reservoir (AB), so there is an increased flow velocity in the outflow channel, as depicted 

in Figure 2. The flow velocities c1 and c2 of the continuity equation can be converted into one another. 

Figure 2. Reservoir for cell suspension [16]. 

 

Excluding the outflow channel and the droplet at the end of the outflow channel, the simplified 

Bernoulli equation like [16]:  ߩ ∙ ܿଶଶ2 · ൬ܣ஺ܣ஻൰ଶ + ߩ ∙ g · ℎ = ߩ ∙ ܿଶଶ2  (2)

The hydrostatic pressure in the reservoir depends only on the overall height (h), the density (ρ) and 

gravitational forces (g). The volume flow is the result of the cell suspension level at the container (h(t)) 

and the length of the outflow channel (HW), as seen in Equation (3). ℎ = ℎ(ݐ) + ௐ (3)ܪ

The volume flow is dependent on hydrostatic pressure and frictional forces. The outflow channel 

has a drag that works against the volume flow and increases by increasing flow velocities. In order to 

achieve very little changes in the hydrostatic pressure, the height of the reservoir should change as 
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little as possible. Therefore, the cross section of the reservoir (AB) should be as big as possible so the 

cell suspension level variation during time (h(t)) is low leading to a minor deviation in the flow rate. 

The first prototype was designed to have a large reservoir with a very small tube diameter of the 

outflow channel in order to decrease the influence of the hydrostatic pressure.  

However, empirical studies have shown that a very small inner diameter of the outflow channel was 

not beneficial to the sequence of the cell suspension flow. Due to the fact that blood or other cell 

suspensions behave like a non-Newtonian fluid and that there is only a small pressure difference, the 

capillary forces are not strong enough to support a steady flow of the cell suspension. Therefore,  

a spiral tube with a bigger inner diameter was implemented leading to a relatively even flow rate. The 

approach was to design the spiral hose in accordance to the parameters calculated from Equation (4) [17]. ∆݌௩ = ߣ · ݈݀௛௬ௗ௥ · 2ߩ · ܿ௠ଶ  (4)

where ߣ is the pipe friction coefficient, dhyd the hydraulic diameter of the outflow channel and cm 

the median flow velocity. The length and the diameter of the outflow channel were chosen, so that the 

pressure difference and the volume flow are similar to the theoretical values of a straight outflow 

channel. Figure 3 shows the result of the design. The length l of the hose is approximately 500 mm and 

the diameter Dw of the winding is 8.5 mm with a vertical inlet and outlet. 

Figure 3. Outflow channel. 

 

The new design insures a steady flow of the cell suspension without the problem of blockage. 

However, the outflow of the cell suspension cannot be determined analytically, due to the complexity 

of drop formation at the end of the outflow channel. Figure 4 shows the stages of the drop formation. 

Therefore, an empirical approach has been chosen. 
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Figure 4. Stages of drop formation. 

 

2.4. Cell Seeding Chamber Design 

The cell seeding chamber is made of polymethyl methacrylate (PMMA) and polytetrafluoroethylene 

(PTFE) for the outflow channel and has been tested successfully for sterilization by autoclave. The 

outflow channel is formed like a spiral to insure a compact design with the required length, as seen in 

Figure 5. The cell suspension reservoirs have a diameter of 30 mm and are located on both ends of the 

chamber and can hold the desired 15 mL. A disc shaped scaffold is fixated in the middle of the cell 

seeding chamber by a small pot with a diameter of 10 mm. The cell seeding chamber was tested with 

two different inner diameters of the outflow channel, resulting in different outflow times. Different 

scaffold sizes and shapes have yet to be used to investigate possible variations in fluid behavior and 

cell distribution. 

Figure 5. New design of the cell seeding chamber. 

 

2.5. Media Flow Rate of the Reservoir 

The outflow channel is completely filled with the blood substitute and closed at the lower end. 

Subsequently, 15 mL of blood analogue is filled in the reservoir and the flow has been measured at 

least five times. The reservoir and outflow channel were cleaned and dried after each test, to ensure the 

repeatability of the test. The measurement starts at the moment in which the lower end of the outflow 

channel is opened, and stops when the reservoir is completely empty. 
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The liquid level in the reservoir was measured over time with an ultrasonic sensor UNCK09 (Baumer 

GmbH, Friedberg, Germany), as shown in Figure 6. The ultrasonic sensor has a measuring range of  

3 to 150 mm and is suitable for transparent media. The recorded height is transmitted via a COM port on 

a computer and evaluated using Labview (National Instruments Germany GmbH, Munich, Germany). 

Values were detected with a time interval of 0.46 s. 

Figure 6. Sensor based analysis of flow rate—outflow channel. 

 

3. Results 

Cell Suspension Flow Rate 

The time for the cell suspension to flow through the outflow channel has been measured. Two outflow 

channels with different inner diameters were investigated. The outflow channel with an inner diameter 

of 1.5 mm and 1.6 mm resulted in an outflow time of 200.2 s and 153.8 s, respectively. The representation 

of the change in the level height in the reservoir over time shows an approximately linear behavior,  

as seen in Figure 7. This leads to a relatively steady flow of the cell suspension in the cell seeding 

chamber. For comparison the outflow from a reservoir without an outflow channel is exponential  

as shown by Torricelli’s law. This is not desirable, because a steady volume flow is vital to a functional 

cell seeding chamber. There is still a certain gradient between the beginning and the end of the flow 

process in the new system. However, due to the little height change in the reservoir height, the hydrostatic 

pressure has little effect on the flow rate. Additionally, higher flow rates lead to an increase of friction, 

which has a compensating effect on fluctuations of the flow rate. 

The reservoir, with an inner diameter of 30 mm, is filled with 15 mL of the blood substitute. This 

results in a fluid level of 21 mm. The outflow channel has, including the vertical inlet and outlet 

section, an overall height of 90 mm. Adding up the initial filling level with the height of the outflow 

channel, a hydrostatic pressure of 1191 Pa was calculated in regard to a Newtonian cell suspension 

with a density of 1095 kg/m3. The calculated hydrostatic pressure for the case of an empty reservoir is 

967 Pa, leading to a pressure difference of 224 Pa or rather a percentage difference of 19%. The 

measurements of the outflow channel with an inner diameter of 1.5 mm and 1.6 mm lead to a volume 

flow of 4.3 mL/min and 6.5 mL/min, respectively. Additionally, there is a formation of drop at the end 

of the outflow channel, which breaks off after exceeding the balance of weight and surface force. The 
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drop formation is a complex process due to its various phases, as seen in Figure 4. At the lower end of 

the outflow channel the droplet is initially in form of a meniscus, it will eventually grow to a hemisphere, 

and then pass over represented in the typical form of drops. 

Figure 7. Outflow experiments with an attached outflow channel, tube inner diameter  

1.5 mm (left) and tube inner diameter 1.6 mm (right).  

 

The experimental setup has shown that the newly developed cell seeding chamber resulted in  

a relatively steady flow rate. However there are still complex processes within the outflow process that 

need to be investigated further. Additionally, there are biological criteria that need to be addressed  

in future studies. A recent study has shown that oxygen tension and feeding regime (glucose, amino 

acids, etc.) are the two most important parameters in operating bioreactors [18]. Furthermore,  

the effects of fluid velocity, seeding time and scaffold properties in regard to cell attachment and 

proliferation need to be investigated further. 

4. Conclusions 

The experimental analysis has demonstrated that a relatively big inner diameter of the outflow 

channel is necessary for proper functionality in comparison to a small and short outflow channel. To 

generate the necessary flow resistance, the length of the channel had to be enlarged. As an in situ 

application there is a requirement for compact assembly. This is the reason why the outflow channel 

was formed like a spiral. By using the acquired knowledge, a feasible design of the cell seeding 

chamber was determined and manufactured, as seen in Figure 5. 

The basic functionality of the cell seeding chamber could be demonstrated with a blood substitute. 

The flow rate of the blood substitute could be adjusted in the range of 4.3 mL/min and 6.5 mL/min, 

leading to a continuous infiltration of the scaffold for approximately 3.5 and 2.5 min, respectively. The 

goal to achieve a steady flow for 5 min has almost been reached and further experiments should lead to 

the desired outflow time. However, further investigations need to be carried out in order to proof the 

full functionality of the system with real blood. The advantage generated by the cell seeding chamber 

in relation to established methods have to be verified by biological experiments. If a higher cell 

seeding efficiency can be verified, in particular in the middle of the scaffold, there is a basis for an 

animal trial that can demonstrate the healing behavior of a scaffold vitalized by the cell seeding chamber. 
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