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Abstract

:

The objective of this study was to characterize our designed through-thickness perfusion bioreactor which could generate large scaffold-free tissue engineered cartilage constructs. The hypothesis being that through-thickness perfusion could accelerate maturation of scaffold-free tissue engineered cartilage, grown in transwell culture inserts large enough to repair typical size chondral lesions in the human knee. Internal cell culture media temperature and pH were examined over time, upon implementation of the bioreactor perfusion system inside a CO2 incubator, to ensure adequate regulation conducive to cell viability. Results indicate that temperature and pH both equilibrate within approximately 3 h. The bioreactor was tested for its efficacy to support formation of 4.5 cm2 constructs by porcine neonatal chondrocytes. Tests were conducted under three conditions: immediate perfusion with flow from bottom to top, immediate perfusion with media flow from top to bottom, and bottom to top perfusion after four weeks of static culture, giving the cells time to self-aggregate into a consolidated construct prior to perfusion. The best cell culture results were obtained when perfusion was delayed for four weeks relative to the immediate perfusion of the other methods, and this should be further investigated.






Keywords:


perfusion; bioreactor; cartilage; scaffold-free








1. Introduction


Articular cartilage is an aneural, avascular connective tissue covering the end of diarthoidal joints that lacks the ability of self-repair. Once damaged, cartilage tissue degenerates and causes mobility problems for the individual as well as pain [1,2]. While the current medical methods used to repair the damaged or diseased tissue are adequate in maintaining a person’s quality of life, they are insufficient in restoring the tissue to its native biochemical and biophysical properties [3,4].



Bioreactors in tissue engineering are used to help speed up the development of large constructs, as well as standardizing the results by regulating the environmental factors, such as pH, gas exchange, temperature, nutrient and growth factor transfer [5,6]. There are many types of bioreactors that are available for the creation of tissue engineered cartilage such as rotary wall vessel bioreactors like the RCMW™ produced by Synthecon Inc.©, or flow-around perfusion bioreactors like the C10-12 CartiGen™ bioreactor produced by Tissue Growth Technologies©, or hydrostatic pressure bioreactors like the CartiGen HP Bioreactor™ also produced by TGT©. Most bioreactors are designed to overcome the limitations of diffusional transport of nutrients and waste products, and some provide mechanical stimulus to promote ECM synthesis (e.g., hydrostatic pressure). Perfusion bioreactors have been shown to increase production of sulfated glycosaminoglycans, Type II collagen, as well as help the chondrocytes maintain their phenotype [7]. Potential advantages of a through-thickness perfusion bioreactor are better uniformity of flow through the developing tissue, with respect to depth and radius, as well as possibility of continuous monitoring of construct permeability via measurement of pressures within the bioreactor. With respect to this study, the hypothesis was that our through-thickness perfusion bioreactor could accelerate maturation of scaffold-free tissue engineered cartilage grown in transwell culture inserts large enough to repair the typical size chondral lesion in the human knee. While many studies generate tissue engineered cartilage constructs with the ultimate goal of repairing lesions of articular cartilage, the typical size of tissue engineered cartilage constructs is around 0.2 cm2 (5 mm in diameter) [8,9,10,11]. However, arthroscopy studies reveal the average size of cartilage lesions to exceed 2 cm2 [12,13]. Also the aforementioned bioreactors either produce cartilage constructs of inadequate size to repair a focal lesion in the human knee or they require a scaffold for cell growth [14]. The bioreactor described herein is designed to generate scaffold-free tissue engineered constructs with a circular area of 4.52 cm2. The objective of this study is to characterize the bioreactor device in terms of equilibration response and uniformity of fluid velocity, in addition to pilot culture experiments to establish a proof-of-concept.



The benefit of using a scaffold-free tissue engineered cartilage construct is that the cell-to-cell interactions are similar to that of native articular cartilage and help to discourage the chondrocytes from dedifferentiating from their chondrogenic phenotype [15]. A previous study has shown that chondrocytes will self-aggregate into a cohesive construct through ECM deposition, thereby forming a neotissue which could potentially be used to repair a cartilage lesion [16]. The down side of the creation of a scaffold-free tissue engineered construct is the large number of chondrocytes required to generate a self-aggregating cartilage construct, although using a cell culture bioreactor could help to alleviate this problem. While there are currently many types of bioreactors employed to promote cell expansion such as spinner flasks and rotating wall vessel bioreactors, most rely on the use of a scaffold or hydrogel to organize the cells in three dimensions [17,18,19,20].




2. Experimental Section


2.1. Perfusion Bioreactor Design


Our novel through-thickness perfusion bioreactor chamber (Figure 1) was designed as a cylindrical vertical flow chamber constructed of polysulfone. The center was hollowed out vertically so that, with a rubber gasket, a 6-well plate transwell insert would tightly fit into the chamber and ensure no flow of cell culture media around the insert (Figure 2). Most other perfusion bioreactors allow for the free unrestricted flow of media throughout the chamber [21]; this design restricts the flow to through the insert and thus through the cell construct. To transport media throughout the perfusion system, approx. 12 total feet of 2.78 mm diameter Manostat® silicon tubing was used to connect a 100 mL medium reservoir media bottle to inlet/outlet ports of the perfusion chamber. A Manostat® Carter® 4/8 Cassette Pump (Thermo Fischer Scientific, Waltham, MA, USA) was used to continuously pump 250 mL of cell culture media through the system. The bioreactor chamber was designed for media flow to ingress through the bottom port and egress out of the top port but by changing the peristaltic pump’s direction of pumping the direction of flow can be reversed. Designing the system using a 150 mL polysulfone chamber and silicon tubing allows for the entire system sans pump to be steam autoclaved creating a sterile environment for cell culture. The experimental setup of the perfusion system allowed for all parts except for the peristaltic pump to be housed inside of a 37 °C, 5% CO2 cell culture incubator. The Manostat® Carter® 4/8 Cassette Pump used was not manufactured for internal incubator use and as a result was set ontop of the incubator next to the external access port of the incubator. Silicon tubing was fed from the reservoir, across the pump, to the bioreactor chamber, and vice versa leaving approx. 8” of the 6’ of tubing outside the incubator for both leads. Both the lid of the bioreactor chamber and lid of the media reservoir were fitted with 0.22 micron membrane filters to facilitate gas exchange with the 5% CO2 atmosphere of the incubator.
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Figure 1. Perfusion Bioreactor (A) Side view of the perfusion chamber; (B) Top down view of the perfusion chamber; (C) Representation of the bioreactor setup with peristaltic pump and media reservoir attached. 
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Before introducing cells, the length of time required for the bioreactor’s temperature and pH to equilibrate was measured. This was done to both help further characterize the bioreactor and to ensure that there was no adverse side-effects to there being approx. 8” of tubing carrying media outside the incubator across the external pump from reservoir to bioreactor. The bioreactor chamber and reservoir were filled with 250 mL of Dulbecco Modified Eagle’s Medium (DMEM), and the bioreactor was loaded into the incubator. Media was pumped through the system at 1 mL/min, and the temperature of media in the bioreactor chamber was continuously monitored using a thermocouple probe that fit tightly into the lid port meant for the 0.22 micron membrane filter. If any additional gas exchange was allowed by replacing the membrane filter with the thermocouple, it would not be expected to significantly affect temperature. Temperature readings were also taken from a 6-well plate containing 10 mL of DMEM with the thermocouple probe left in place with the lid removed. The small volume would be expected to equilibrate rapidly and it has a high surface area to volume ratio for gas exchange for temperature and pH comparison against the bioreactor. Temperature readings were taken every 15 min for the first hour and then every 30 min until equilibrium for both experiments. In a separate experiment, both vessels were in the incubator simultaneously using the same media volumes and flow speeds as in the respective temperature experiment for measurement of pH. pH measurements were taken repeatedly on the same volume within each vessel using an Orion 2-Star benchtop pH meter (Thermo Scientific, Waltham, MA, USA) every 15 min for the first hour and then every 30 min until equilibrium.
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Figure 2. Cross-sectional diagram of the bioreactor chamber depicting the position of the transwell insert within the chamber. 
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2.2. Cell Isolation and Cell Culture


For each experimental method, neonatal porcine chondrocytes were freshly isolated from the stifle joints of four stillborn piglets donated by a local pig producer immediately after birth. For each experiment, the isolated cartilage from all piglets were collected together and digested in a 1 mg/mL Type II collagenase solution in DMEM containing 10% Fetal Bovine Serum (FBS) overnight at 37 °C in an incubator with 5% CO2. The cell suspension was passed through a 100 μm sieve and a cell count was conducted using a BioRad TC10™ Cell Counter with trypan blue to determine viability. A total cell suspension of 1.1 × 108 viable cells was evenly divided and immediately pipetted into two 6-well plate transwell inserts with a diameter of 24 mm giving each insert 5.5 × 107 viable chondrocytes.



In Method 1 the cell-laden transwell inserts were placed, one in the perfusion bioreactor chamber and one in an identical chamber for static culture, immediately after Type II collagenase digestion. The chondrocytes were cultured in Defined Chondrogenic Medium (DCM) made with DMEM containing 1% v/v ITS + Premix (BD Biosciences, San Jose, CA, USA), 0.1 μM dexamethasone, 1 mM sodium pyruvate, 50 μg/mL ascorbate-2 phosphate, 40 μg/mL l-proline, 1% v/v antibiotic-antimycotic solution (Sigma, St. Louis, MO, USA) and 10 ng/mL recombinant human TGF-β3 for ten days with one bioreactor chamber having continuous through-thickness perfusion of 1 mL/min with media changes at 5 days. The other transwell insert was in an identical bioreactor chamber but not connected to the pump and allowed to culture under static conditions for ten days with media changes at 5 days. The flow speed of 1 mL/min was selected because it was the lowest pump speed possible for the 2.79 mm tubing used to connect the bioreactor to the reservoir. The direction of media flow throughout the chamber was with flow ingression through the bottom port of the chamber and flow egression through the top port back to the reservoir as was intended and is common among bioreactors. At the end of the time period the constructs were tested mechanically and then sectioned for biochemistry and histology.



Method 2 was conducted after Method 1 in the same manner with immediate introduction of one 5.5 × 107 cell-laden transwell insert into the bioreactor and constant perfusion with DCM for ten days, but the direction of perfusion was reversed allowing for ingression of flow through the top port and egression of flow through the bottom port of the bioreactor chamber (opposite of the first experiment) at 1 mL/min. Another transwell insert also containing 5.5 × 107 viable neonatal porcine chondrocytes was placed in an identical bioreactor chamber with DCM but without perfusion to serve as a static culture control. After ten days of cell culture with media changes at 5 days both constructs were tested mechanically and then sectioned for biochemistry and histology.



In Method 3, conducted after Method 2, a suspension of 5.5 × 107 viable cells was pipetted into each of two 6-plate transwell inserts and both were cultured under static conditions for 28 days in 100 mL of DCM with media changes every four days. After this time period one insert was randomly chosen and placed in the perfusion bioreactor and cultured under continuous 1 mL/min bottom-to-top directional perfusion (same directional flow as Method 1) while the other was placed in an identical bioreactor chamber and maintained under static conditions for ten days. At the end of the ten day time period the constructs were tested mechanically and then sectioned for biochemistry and histology.




2.3. Biomechanics and Biochemistry


At the end of each cell culture experiment, each construct, perfused and static, was immediately tested biomechanically at six non-overlapping locations around the construct for Young’s elastic modulus using unconfined compression by indentation testing using a Mach-1 Micromechanical Testing System (Biomomentum, Laval, QC, Canada). The thickness was first determined by finding contact with the construct under a force of 5 grams. Then a ramp load was applied to 25% compressive strain at a rate of 5 μm/s and the force was monitored until the relaxation rate dropped below 0.1 g/min. The Young’s modulus was calculated using the following equation:
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(1)




where F is the applied load or in this case the equilibrium force, ν = 0.3 is Poisson’s ratio, k is a scaling factor (a function of the aspect ratio (a/h) and v), ω0 is the indenter displacement, a = 2.14 mm is the radius of the indenter, and h is the thickness of the sample [22]. The scaling factor, k, was obtained from a previous study done by Haynes et al. [23].



After biomechanical testing twelve samples from each construct were collected using a 4 mm biopsy punch, six for hydroxyproline content and six for glycosaminoglycan (GAG) content. Total hydroxyproline content was measured as an indicator of collagen content and determined by the Chloramine T assay established by Reddy and Enwemeka [24]. Each sample’s hydroxyproline content was normalized to the DNA content of the corresponding sample. For GAG content, each sample was digested overnight at 60 °C in a 50 mM sodium acetate (pH 6) solution containing 1% papain. Dimethymethylene blue (DMB) solution was prepared according to Hoemann [25]. After adding 250 μL of DMB to 15 μL of papain digestate, the absorbance was read at 530 nm and 590 nm using a BioTek μQuant Microplate Spectrophotometer (BioTek Instruments, Winooski, VT, USA). A standard curve was constructed using chondroitin sulfate by plotting (OD530-OD590) against the known GAG concentration. DNA content in the same papain-digested sample determined using the DNA Quantitation Kit, Fluorescence Assay (Sigma, St. Louis, MO, USA) according the manufacturer’s instructions. GAG content was normalized to DNA content and reported as μg/μg.



Statistical analysis of the biomechanical and biochemistry data was performed between the static and perfused groups for each method. Analysis was done using Microsoft Excel 2013™ with a two-tailed t-test assuming unequal variance (α = 0.05).




2.4. Histology


For Methods 1 and 2, samples were fixed in neutral buffered formalin and embedded in paraffin. To display proteoglycan concentration sections (5 μm) were stained with 2% wt/vol Toluidine blue in 1% v/v acetic acid and counterstained with Wiegert’s hematoxylin. Additional sections were immunostained for detection of Type II collagen according to previously published methods [8]. Images were captured using a Leica DM 2500 microscope (Leica Microsystems Incorporated, Bannockburn, IL, USA). Histology of Method 3 is unavailable due to mishandling during processing.




2.5. Modelling


A simplistic computational fluid flow model was created using the FloExpress plugin of SolidWorks to help further characterize the bioreactor and observe what types of pressures were occurring inside the bioreactor across the membrane of the transwell insert for the flow velocity used in the experiments. The first model was designed to be the bioreactor chamber with the transwell insert being empty as a control to get a base value of the pressures exhibited inside the bioreactor during the experiments. Boundary conditions of the inlet and outlet were set to 1 mL/min using water as a cell culture media analog with a direction of flow from bottom to the top. The model was simulated assuming laminar flow, accounting for gravity, for 400 iterations leading to a convergent solution.



The second model used all assumptions and boundary conditions from the first model but accounted for the membrane of the transwell cell culture insert containing neonatal cartilage cell suspension as would occur early in the experiment. The cell suspension was modelled as a 1 mm thick layer in the bottom of the transwell insert to which physical properties were assigned in the engineering database of SolidWorks. The layer, which represented the mass of chondrocytes shortly after aggregation, was assigned a permeability coefficient characteristic of multipotent mesenchymal tissue as determined by Loboa et al. [26]. The pressure differential across the cell suspension was estimated using the equation following Darcy’s Law (2).
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(2)





Here, v is the volumetric flowrate set at 1 mL/min, k is the permeability constant obtained from Loboa et al. to be 1 × 10−13 m4/N∙s for multipotent mesenchymal tissue, μ is the dynamic viscosity of water at 37 °C which is 686.5 Pa∙s, and ∆x is the thickness of the cell suspension which is 1 mm. The model was run and calculations repeated for 400 iterations leading to a convergent solution.



The third model was created using all assumptions and boundary conditions from the first model but adding a boundary condition at the transwell membrane to account for an engineered construct with properties approaching those of native cartilage. A 1 mm thick layer was created at the membrane of the transwell insert to represent a cartilage construct, and physical properties were assigned in the engineering database using the same equation from model two. In this model the permeability coefficient was 4.8 × 10−15 m4/N∙s, which is the permeability coefficient of articular cartilage [26]. This was used in conjunction with Darcy’s Law as in model two.





3. Results and Discussion


3.1. Bioreactor Design


As can be seen in Figure 3, the temperature test shows that the 6-well plate equilibrates to the internal incubator temperature more quickly than the perfusion bioreactor chamber as would be expected. The perfusion chamber takes at least two hours for the temperature to equilibrate to the incubator and as such should be allowed to sit in the incubator for this time frame before introduction of cell culture. Figure 4 shows that pH tended to stay within a narrow range close to the accepted cell culture pH value of 7.4 which is supported by the fact that for both the 6-well plate and the perfusion chamber there was no perceptible change in the color of the DMEM. Also as expected, the 6-well plate reached the equilibrium pH of 7.6 at 30 min whereas it took over 100 min for the perfusion bioreactor chamber to reach the same value. This indicates that there is adequate gas exchange in both the perfusion bioreactor and media reservoir.
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Figure 3. Line graph showing Temperature over Time. 
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Figure 4. Line graph showing pH over Time. 
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3.2. Cell Culture


On gross appearance, the Method 1 perfused construct was substantially thicker and less opaque than its statically cultured counterpart shown in (C) of Figure 5. This appearance was in contrast to those of the Method 2 and Method 3 perfused constructs which were both more homogeneously opaque than the statically cultured constructs. It should be noted that most of the neotissue formed in the non-perfused control to Method 2 contracted into a dense lump. The Method 3 perfused construct was by far the most firm and easily handled tissue, and its surface was noticeably smoother.



As seen in Table 1 the Young’s modulus of the Method 1 perfused construct was significantly lower than the non-perfused control. Interestingly, the amount of GAG and DNA accumulated on a per cell basis was not different from that of the non-perfused control, indicating the ECM of the perfused construct was much less dense. The spatially-averaged biochemical properties of the non-perfused and Method 2 perfused constructs were not significantly different. Yet due to the small contracted shape of the static construct, the sample had to be cut with a straight razor to provide a smooth surface of the indenter to fully engage for thickness and stress relaxation tests. As a result no true thickness for the static construct could be reported and the value for the Young’s modulus was averages over only two different locations. Despite the small size of the construct, the sample size for the biochemistry was not affected. The Method 3 perfused construct displayed a significantly higher Young’s modulus than the non-perfused control. Normalized to DNA, the spatially-averaged collagen and GAG contents were higher and lower, respectfully, than the non-perfused counterpart. However, the sample sizes were too small to demonstrate that these differences were statistically significant.
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Table 1. Biochemical and biomechanical data of cartilage constructs from all experiments.
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Experiment

	
Media Flow

	
Construct Thickness (mm)

	
Young’s Modulus (kPa)

	
Hydroxyproline/DNA (μg/μg)

	
GAG/DNA (μg/μg)






	
Method 1

	
Static

	
0.79 (±0.056)

	
46.6 (±2.4)

	
0.0347 (±0.0033)

	
0.1199 (±0.0272)




	
Perfused

	
3.05 (±0.36) *

	
2.4 (±1.0) *

	
0.0332 (±0.0010)

	
0.1441 (±0.0836)




	
Method 2

	
Static

	
n/a

	
21.0 (±5.7) **

	
0.0353 (±0.0022)

	
0.0398 (±0.0078)




	
Perfused

	
0.944 (±.287)

	
15.8 (±12.1)

	
0.0328 (±0.0045)

	
0.04452 (±0.00454)




	
Method 3

	
Static

	
0.43 (±.302)

	
37.6 (±12.7)

	
0.301 (±0.040)

	
100.10 (±24.6)




	
Perfused

	
0.524 (±.0622)

	
86.6 (±23.9) *

	
0.354 (±0.080)

	
75.17 (±5.0)








* Indicates statistically significant difference with respect to static culture; ** Indicates small sample size.
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Figure 5. (A) Gross morphology of Method 1 perfused cartilage construct; (B) Gross morphology of Method 1 static cartilage construct; (C) Gross comparison of the differences in thickness between static and perfused constructs of Method 1; (D) Gross morphology of Method 2 perfused cartilage construct; (E) Gross morphology of Method 2 static cartilage construct; (F) Gross morphology of Method 3 perfused cartilage construct; (G) Gross morphology of Method 3 static cartilage construct. 
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The additional sections for Methods 1 and 2 were toluidine blue stained to determine proteoglycan content and separately stained for Type II collagen. The static histological sample for Method 2 showed a positive staining in both Type II collagen (Figure 6) and Toluidine blue (Figure 7). This indicates that in the static construct of Experiment Two there is the presence of proteoglycan content and of Type II collagen throughout the construct. The perfused construct in Method 2 stained moderately for Type II collagen and Toluidine blue. The staining on the perfused construct of Method 2 indicates the presence of Type II collagen and contains an ECM with positive proteoglycan content. For Method 1, both the static and perfused constructs stained with similarly moderate intensities for both Type II collagen and Toluidine blue. This indicates that there is not much difference in the positive amount of proteoglycan content between the two constructs as well as with Type II collagen. The air capsule displayed in both the Toluidine Blue and Type II collagen staining of perfused histology of Method 1 is not an artifact from processing but a result of the high shear stresses on the cells due to immediate perfusion [27].
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Figure 6. Type II collagen histology from Methods 1 and 2. (A) Method 1, Static; (B) Method 1, Perfused; (C) Method 2, Static; (D) Method 2, Perfused. * all scale bars are 500 μm. 
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Figure 7. Toluidine Blue histology from Methods 1 and 2. (A) Method 1, Static; (B) Method 1, Perfused; (C) Method 2, Static; (D) Method 2, Perfused. * all scale bars are 500 μm. 
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3.3. Modelling


The second computational fluid model (Figure 8C) with the cell suspension analog, as would be expected early in the experiment, displayed pressures similar to that of the model of the empty bioreactor. Both models showed an absolute pressure across the membrane of approximately 102.70 kPa below the transwell insert and an absolute pressure ~98.0 kPa above the transwell insert. The absolute pressure values from above and below the transwell insert of the second model indicate that there is an upward 2.13 N acting against the membrane of the insert yet is not enough to dislodge the insert from the rubber gasket ensuring through-thickness perfusion. The third computational fluid model with the articular cartilage analog (Figure 8D), used to describe the end of the experiment, displayed absolute pressures of ~123.90 kPa below the transwell insert and ~98.0 kPa above the transwell insert. The differential pressure values from above and below the transwell insert of the third model indicate that there is an upward 11.67 N acting on the insert and could be enough to dislodge the insert but not until the permeability of the perfused construct is similar to that of native articular cartilage.
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Figure 8. (A) Schematic of the bioreactor chamber with transwell in SolidWorks® (units in mm); (B) Surface contour plot of empty bioreactor; (C) Surface contour plot of bioreactor with simulated cell suspension in transwell insert; (D) Surface contour plot of bioreactor with simulated articular cartilage in transwell insert. 
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Figure 9. (A) A surface plot depicting the absolute pressure occurring radially across the transwell insert membrane having cell suspension permeability; (B) A surface plot depicting the absolute pressure occurring radially across the transwell insert membrane having articular cartilage permeability. 
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According to Figure 9, there is an inverse relationship between the permeability of the cartilage construct and the change in pressure across the width of the transwell insert membrane assuming a flow rate of 1 mL/min. As the permeability of the cartilage construct decreases due to the deposition of extracellular matrix under perfusion the variability of pressure across the transwell insert membrane increases. Also the pressure increases across the membrane are drastic between the bioreactor with cell suspension and bioreactor with articular cartilage with each having ΔP of 1682.81 Pa and 3893.64 Pa respectively.




3.4. Discussion


The design of the bioreactor is successful in achieving through-thickness perfusion by means of a rubber gasket which captures a 2.4 cm diameter transwell insert such that cell culture media cannot flow around it. The only channel through which pump driven culture media can flow is through the insert’s membrane in a direction perpendicular to the thickness of a layer of cells settled on top of the membrane. The bioreactor is also successful in temperature and pH regulation as indicated by the results. These two factors were examined for two reasons with the first being that the pump being external to the cell culture incubator causes some stretch of tubing carrying media to also be outside the incubator and thus exposed to ambient temperature. The temperature results show that the internal temperature of the bioreactor chamber is a nonissue due to the pumps slow rate of speed coupled with the large volume of media. The second factor causing observation of the pH of the bioreactor chamber was because upon implementation of the transwell insert into the bioreactor, the entire system is sealed with the only access to the environment being through the 0.22 micron membrane filters fitted to the bioreactor lid and media reservoir lid. As the pH results indicate there is ample gas exchange throughout the system. The design of the bioreactor also allows for changing media by simply exchanging cell media reservoirs, which minimizes the chance of microbial contamination. When media was changed at the previously specified time points (5 days) there was no perceptible color change in the media indicating that the presence of the chondrocytes had no adverse effects on the pH of the system other than would be expected in a normal cell culture system. The major limitation of the current bioreactor prototype is the minimum flow rate achievable using 2.79 mm tubing. Slower flow rates can be easily attained by using smaller diameter silicon tubing while maintaining the same pump speed. For example, the use of 0.19 mm diameter tubing at a pump speed of 10 rpm should yield a flow rate of approximately 13.0 μL/min. This should be further investigated since other perfusion studies use a wider range of perfusion velocities [28,29].



Each method was done sequentially and the results were examined after each method. This had a heavy impact on how the experimental methods of each experiment were conducted. Method 1 was conducted in the standard practice using bottom to top directional immediate perfusion to determine what effect was had on scaffold-free tissue engineered cartilage. But upon examination of perfused histology of Method 1, the immediate perfusion caused too much shear stress for the chondrocytes to be able to handle (even at the lowest pump setting). As a result the direction of flow was reversed for Method 2 so that the cell suspension would be under compression due to the top to bottom directional flow of media against the transwell insert membrane. While the results of Method 2 did produce a perfused cartilage construct with superior biomechanical properties than that of Method 1, the construct as a whole was not as homogeneous as would be needed to repair a focal lesion in the human knee (Figure 5D). This led to Method 3 having the perfusion of the cells delayed and the cells allowed to grow in static culture so that they could aggregate into a self-cohesive construct that could withstand the shear forces of bottom to top directional perfusion. This direction of perfusion was decided upon for Method 3 because the top to bottom perfusion of Method 2 posed the risk of media overflow from the chamber where the direction of flow in Method 1 was aided by gravity siphoning and overflow was not an issue. We speculated that the perfusion rate of 1 mL/min might still be advantageous if its onset was delayed until the construct had matured and had acquired a denser ECM with lower permeability.



This study also demonstrates that the bioreactor can accelerate development of scaffold-free engineered cartilage. Perfusion of porcine chondrocytes which had self-assembled during a 28-day period of static culture significantly increased the equilibrium Young’s modulus in compression (Method 3). While the final modulus is still far from that of articular cartilage, it is assumed that the modulus would have continued to increase with increasing perfusion duration. Qualitatively, perfusion produced a very homogeneous construct with uniform thickness and smooth surface. The ability of chondrocytes to self-assemble into three-dimensional cartilage in the absence of a scaffold has been demonstrated previously [15], and this study suggests that maturation of such constructs can be enhanced by through-thickness perfusion. Our results also suggest that immediate perfusion of a chondrocyte layer can interfere with chondrogenesis if the flow rate is too high causing void pockets or capsules throughout the tissue [26]. This was the case with the perfused construct of Method 1 upon examination of sections under a microscope and explains both the thickness and the low elastic modulus of the construct. Reversing the direction of flow mitigated the detrimental effects, but it did not lead to an enhancement of properties at a flow rate of 1 mL/min. While the histology of the static construct from Method 2 is more intensely stained for Toluidine blue than its perfused counterpart, this is not a clear indicator of more proteoglycan content. The metachromatic staining of the perfused and static constructs of Method 2 is similar, indicating similar proteoglycan content which is supported by biochemical data.



Currently most cartilage bioreactors focus on applying different types of mechanical loads such as hydrostatic pressure, compression, shear, or some combination thereof [30,31]. Our bioreactor can apply depending on the direction of perfusion either shear or compression and shear evenly across the width of the construct according to the results of the computational fluid model. Also our bioreactor can apply these forces directly to the construct using through-thickness perfusion as opposed to passive application of by-flow media used in most other bioreactors [17,18]. By using through-thickness perfusion on a statically conditioned construct the thinnest areas become the path of least resistance encouraging more flow with higher shear stresses. As shown in previous studies this encourages more ECM production, especially collagen, in those regions and could overall produce a more homogeneous construct with the capacity to develop into a construct capable of repairing a lesion [32,33,34].



Moving forward with these results, it is apparent that a period of static culture is needed to allow the chondrocytes to aggregate into a cartilaginous biomass that can withstand the shear stresses of constant perfusion. To prevent the issue of contamination the cells should be statically cultured inside the bioreactor chamber for four weeks prior to perfusion. Also both directions of vertical perfusion should be explored in the future; upwards to reconfirm the results of Method 3 and downward to explore the effects of the added compressive force of the cells against the transwell insert membrane.





4. Conclusions


In summary, our novel through-thickness perfusion bioreactor has shown the capacity to successfully generate a 24 mm diameter scaffold-free tissue engineered cartilage construct with superior biochemical and biomechanical properties to a statically cultured cartilage construct. The downside is that, currently, the bioreactor is unreliable in its ability to repeatedly produce scaffold-free tissue engineered constructs of high biochemical and biomechanical properties. It is apparent that the design of the bioreactor is sound, yet the procedure of using the bioreactor needs refinement and further exploration.



In future experiments, the neonatal porcine chondrocytes should be cultured ex vivo immediately inside the bioreactor under static conditions for at least a 28 day period. With the bioreactor designed to maintain sterility, this provides a more desirable culture environment than previously used for static culture in experiments. Variability of the perfusion duration after static conditioning should also be explored using both directions of flow. By using either a different peristaltic pump with a lower minimum speed, or by using larger gage tubing, could also help reduce flow speed and will likely reduce cell culture duration in the future.
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