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Abstract

The temporomandibular joint disc (TMJd) is an extremely dense and avascular fibrocartilaginous 

extracellular matrix (ECM) resulting in a limited regenerative capacity. The use of decellularized 

TMJd as a biocompatible scaffold to guide tissue regeneration is restricted by innate subcellular 

porosity of the ECM that hinders cellular infiltration and regenerative events. Incorporation of an 

artificial microporosity via laser micro-ablation (LMA) can alleviate these cell and diffusion based 

limitations. In this study, LMA was performed either before or after decellularization to assess to 

effect of surfactant treatment on porosity modification as well as the resultant mechanical and 

physical scaffold properties. Under convective flow or agitation schemes, pristine and laser ablated 

discs were decellularized using either low (0.1% w/v) or high (1% w/v) concentrations of sodium 

dodecyl sulfate (SDS). Results show that lower concentrations of SDS minimized collagen 

degradation and tissue swelling while retaining its capacity to solubilize cellular content. 

Regardless of processing scheme, laser ablated channels incorporated after SDS treatment were 

relatively smaller and more uniform than those incorporated before SDS treatment, indicating an 

altered laser interaction with surfactant treated tissues. Smaller channels correlated with less 

disruption of native biomechanical properties indicating surfactant pre-treatment is an important 

consideration when using laser micro-ablation to produce artificial porosity in ex vivo derived 

tissues.
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INTRODUCTION

The temporomandibular joint disc (TMJd) is a mechanically and structurally complex 

fibrocartilage tissue that supports rotation and translation of the jaw during normal function. 

Due to the intrinsic lack of repair in cartilaginous tissues following injury or disease, tissue 

engineering to regenerate or repair these tissues de novo is a promising approach 1,2. 

Naturally derived tissues used as scaffolding materials offer unique advantages over 

synthetic materials due to intrinsic structural properties and the presence of bioactive 

molecules within the extracellular matrix (ECM) that facilitates cell-ECM interactions and 
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direct tissue specific cellular remodeling3–5. As such, a regenerative strategy that utilizes a 

scaffold derived from a native TMJd with bulk properties specific to this complex joint to 

guide and support cellular regeneration would be highly advantageous compared to less 

structured materials. The use of these materials requires a degree of processing to remove 

existing cells and soluble components that would otherwise elicit an overt foreign body 

response. This has been a successful strategy with a variety of tissues 6–10, and has more 

recently been applied to articular and fibrocartilages11–15. In addition to immune acceptance, 

it is important that the processing method minimizes ECM disruption in order to maintain 

the tissues original mechanical properties such that it can withstand mechanical loading, 

particularly during early remodeling 16,17.

Previous work preparing a porcine TMJd scaffold compared the effects of commonly used 

decellularization agents sodium dodecyl sulfate (SDS), Triton X-100 and acetone/ethanol12. 

Results demonstrated that treatment with 1% SDS maintained disc compressive mechanical 

properties most similar to the native disc and preserved general structural morphology. 

While treatments can be tissue specific, SDS, an anionic surfactant, which works by 

disrupting protein-protein interactions and solubilizing cellular components, has been shown 

to be more effective at solubilizing cell membranes compared to non-ionic, zwitterionic, or 

hypo/hypertonic treatments18,19. In order to maintain the tissue’s intrinsic structural and 

chemical properties, these aggressive treatments ideally should use the minimal effective 

dose to remove immunogenic epitopes; with the literature reporting a wide range of SDS 

concentrations (0.03%–2% w/v) in various decellularization protocols18,20–25. To reduce 

scaffold exposure to aggressive decellularization agents, dynamic methods such as agitation 

and convective flow have been employed to improve extraction efficiency 8.

Nutrient transport limitations and subcellular porosity within dense ECM inhibits cellular 

migration and integration9,26,27. A CO2 laser ablation technique (termed laser micro-ablation 

or LMA) has been previously used to generate artificial microporosity within porcine TMJd 
discs and shown to improve recellularization of these scaffolds28. Therefore, the purpose of 

this study was to further assess the LMA technique in relation to the decellularization 

process and evaluate the effect of surfactant treatment on porosity incorporation and the 

resultant mechanical and physical properties of TMJd scaffolds. LMA was performed before 

or after discs were decellularized using two SDS concentrations (0.1% and 1%) delivered 

via two different methods (convective flow and agitation).

METHODS

Tissue isolation and laser micro-ablation

Porcine temporomandibular joints were obtained from 6–9 month old animals (IACUC # 

201207534, Animal Technologies, Tyler, TX). The fibrocartilage discs were dissected by 

separating the mandible from the temporal bone and severing connections of the disc with 

surrounding structures. Following dissection of the disc and washing in phosphate-buffered 

saline (PBS), whole discs were frozen to −80°C. Half were lyophilized and laser micro-

ablated (LMA) before decellularization and half were reserved to be lyophilized and LMA 

after. Prior to LMA, tissues were lyophilized for 24 hours (Millrock Technology, Kingston, 

NJ). Pores were ablated using a 40W CO2 laser engraver (Hurricane Lasers, Las Vegas, NV) 
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with 0.2 second pulse duration (57.6 mJ) and a 1000 μm centerline separation. This pulse 

duration was necessary to produce full thickness pores as determined in preliminary testing. 

To obtain consistently sized scaffolds, 2–3 six mm diameter circular punches were removed 

from the intermediate regions of the whole TMJ discs, using a disposable biopsy punch 

(Miltex, York PA).

Decellularization schemes

Overall there were a total of 8 treatment groups assessed (Figure 1). The two main test 

groups were whether the scaffold had been LMA before or after decellularization. These 

groups were evaluated at two different SDS concentrations (1% and 0.1% SDS) with two 

methods of fluid delivery (convective flow or rotary agitation). These concentrations were 

chosen because preliminary studies demonstrated that SDS concentrations between 0.1% 

and 1% in culture media significantly reduced cell number and viability to near zero 

indicating complete cell solubilization (data not shown). The convective flow circuit (Figure 

2) was driven by a peristaltic pump (Masterflex L/S, model 07551–10; Cole Parmer, Vernon 

Hills, IL) and consisted of an SDS reservoir (250 ml capacity bottle), and one way check 

valve with a cracking pressure of 1 psi (SMC, Yorba Linda, CA) to prevent back-flow. SDS 

solution (200 ml total) was continuously circulated at an average flow rate of 1 ml/min with 

a pulse frequency of 1.5 pulse/min for 72 hours, except when paused to take daily 

measurements and collect SDS solution aliquots. The system was designed to allow flow 

around the samples because of the small sample size and to prevent excessive pressure 

buildup. Pressure was monitored upstream of the samples with a digital pressure gage 

(Ashcroft, Stratford, CT) inserted at a 3 way valve. Average pressure within the LMA 

(before) disc circuit was approximately 50 psi, and in the LMA (after) circuit approximately 

200 psi. Each convective flow circuit held three scaffolds in series, therefore, for each test 

condition a total of three independent systems had to be used to achieve the final n=9 

scaffolds. In order to minimize variables between convective flow and rotary agitation, 

including the volume of surfactant to tissue, rotary agitation decellularization was also 

performed with three scaffolds per bottle and incubated in 200 mL of either a 0.1% or 1% 

SDS solution in 500 ml capacity bottles. Samples were continuously agitated on an orbital 

shaker at 100 rpm for 72 hours. Daily measurements and aliquots of the decellularization 

solution obtained as described in the following section.

Morphology of tissue and ECM degradation over time

Initially and at 24, 48, and 72 hours during the decellularization, scaffold thickness and 

photographs were obtained. At each time point, 15 ml of the decellularization solution from 

each system was also collected for analysis and replaced with fresh solution. DNA was 

assessed in solutions using PicoGreen assay following manufacturer’s instructions (Life 

Technologies). As a marker of ECM degradation, hydroxyproline, was quantified in the 

decellularization solutions29. Briefly, solutions were hydrolyzed in 6N HCl for 24 hours at 

60°C. Samples were neutralized with equimolar NaOH, oxidized with chloramine T (Fisher 

Scientific, Pittsburgh PA) and the chromophore produced by reaction with p-

dimethylaminobenzaldehyde (Mallinckrodt Chemicals, St Louis, MO) was measured at 550 

nm and compared to standards produced with trans-4-hydroxy-L-proline (Sigma Aldrich, St 
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Louis, MO). Values were converted to collagen assuming hydroxyproline content of 

collagen to be 13.5% 30.

Mechanical analysis

Following the 72 hour decellularization, non-LMA discs were then laser micro-ablated as 

described previously. Discs were hydrated and equilibrated in PBS at 37°C for 1 hour before 

bulk compressive mechanical testing (n=9). Specimens were placed in a hydrated testing 

chamber in a Biomomentum Mach-1 micromechanical system (Biomomentum Inc, Laval, 

Quebec, Canada). Samples were subject to unconfined compression under 20% deformation 

(strain) relative to original sample thickness for 15 cycles. This deformation was chosen 

based on MRI imaging and finite element modeling that shows change in disc thickness 

(compressive strain) at 15–20% while pathologic conditions such as bruxism can impart 

compressive strains up to 30%31,32. Deformation was defined as ε=ΔL/L0 with ΔL the 

change in sample thickness relative to L0, the original samples thickness. An initial find 

contact of the platen at 0.05N was used to reset the displacement followed by a find contact 

of the sample at 0.05N. The difference in location was used to determine initial sample 

thickness (L0) from which sinusoidal compression was programmed for each sample 

following ε = Δε sin(ωt), where Δε and ω are the respective deformation and frequency 

(20%, 0.5 Hz). The resulting stress was defined as σ=F/A with F being compressive force 

and A being the cross sectional area of the disc. The steady state hysteresis curves were 

averaged for the last 5 cycles. An apparent compressive modulus (E) was derived from the 

slope of the average loading curve between 14–19% deformation (E=σ/ε). Slope was 

derived from the least-squares linear regression on the discrete stress/deformation data 

points within the specified interval. Hysteresis was calculated from the area between the 

loading and unloading curves and the peak stress of the steady state hysteresis cycles are 

also reported.

Analysis of ECM void fraction and laser ablated channel diameter

Following mechanical testing, tissues were embedded in Neg50 media (Richard Allen 

Scientific) and progressive transverse (n=4 randomly assigned samples) or coronal (n=4 

randomly assigned samples) 10μm sections were obtained with a HM 550 cryostat 

(ThermoFisher Scientific, Waltham. MA). Sections were stained with standard hematoxylin 

& eosin, mounted, and images were acquired with an Axiocam ICc.1 at 5x objective 

magnification on an AxioObserver Microscope (Carl Zeiss, Jena, Germany). Coronal 

sections were used to evaluate void volume (n=3 images per scaffold). Relative areas of 

ECM and void space were quantified in three random fields of view and averaged using 

thresholding in ImageJ (NIH, Bethesda, MD). From this void percent was determined by 1−

(AECM/Atotal)*100%, where AECM is the area covered by ECM, and Atotal is the total are of 

the field analyzed. Transverse sections from the top, middle, and bottom regions were used 

to evaluate ablation hole diameter (n=3 images per region). The ablated area was determined 

with the Axiovision measurement tool, and converted to a diameter assuming circular 

geometry. While it is possible that the mechanical testing performed prior to sectioning may 

have impacted measurements obtained, all sample groups were tested under compression so 

relative comparisons between treatment groups are made.
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Evaluation of laser micro-ablation geometry pre-and post-SDS treatment

In order to further investigate the effect of SDS treatment on LMA size and geometry, a 

separate cohort of native and decellularized discs (via 1% SDS, agitation) were lyophilized 

and laser micro-ablated using a range of pulse durations (0.3, 0.25, 0.2, 0.15, 0.1, 0.05; 

resulting energies 86.4, 72.0, 57.6, 43.2, 28.8, 14.4 mJ) with a 1000 μm centerline 

separation. Four images were acquired from the top, middle, and bottom regions of ablated 

pores (total of n=12). Ablation diameter was measured within the Axiovision software as 

described in the previous section. Scanning electron microscopy (SEM) was performed to 

evaluate the cross sectional geometry of the ablated channels obtained from a 0.2 sec pulse 

duration. Freeze dried samples were CO2 critical point dried (Autosamdri-815, Tousimis, 

Rockville, MD) and palladium gold sputtered (DeskV, Denton Vacuum, Moorestown, NJ). 

Images were collected using a Hitachi S-4000 FESEM at 10 kV at 30x magnification.

Statistical analysis

Mean and standard deviation were determined for all samples (n=3–9). A full factorial three 

factor ANOVA was used to determine the significant main and interaction effects of 

decellularization method, SDS concentration, and sequence of LMA (α=0.05). When 

significance was indicated and post hoc was necessary, Fisher’s LSD with a Bonferroni 

correction was performed.

RESULTS

Morphological Outcomes

At 24, 48, and 72 hours during the course of the decellularization, tissue thickness (Figure 3) 

was significantly greater in samples subject to orbital agitation compared to samples 

exposed to convective flow (p=0.001, p<0.001, p<0.001, respectively). Swelling was also 

observed in samples incubated with 1% SDS compared to both 0.1% SDS at all time points 

(p<0.001). Whether LMA was performed before decellularization did not affect tissue 

ending thickness (p=0.185, p=0.643, p=0.734). Average initial thickness of all scaffolds was 

2.1 ± 0.3 mm. There was a 5–17% increase (swelling) in tissue thickness under agitation 

compared to an 8% and 2% decrease (tissue compaction) in sample thickness from 

convective flow.

DNA Solubilization and Collagen Degradation

At all time points, DNA solubilization was greater in tissues that had been LMA (before 

SDS) compared to those that were not (Figure 4, p=0.035, p=0.003, p=0.006). Assessment 

of collagen dissociation from the tissue (Figure 4) showed a significantly greater release of 

solubilized collagen from tissue that was LMA (before SDS) compared to LMA (after SDS) 

tissue at all time points (p<0.001). After 72 hours, LMA (before SDS) tissues had released 

between 1.1±0.6% and 3.5±0.9% (mg collagen/mg scaffold) whereas LMA (after SDS) 

tissues had only released between 0.3±0.1% and 0.6±0.1% (mg collagen/mg scaffold). By 

72 hours, there was also significantly greater collagen loss when using high concentrations 

of SDS compared to low concentrations (p=0.036). A two-way interaction showed that when 
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tissue had been LMA (before SDS), agitation resulted in greater collagen loss than 

convective flow (p=0.043).

Mechanical Evaluation

As expected from viscoelastic materials, decellularized discs displayed characteristic 

hysteresis profiles when subjected to 20% compressive deformation relative to the initial 

thickness (Figure 5). The apparent compressive moduli, derived from the steady state 

loading curves of the hysteresis loops, showed that samples which were not LMA until after 

SDS treatment were stiffer than those that were LMA before SDS treatment (p<0.001). 

Compressive modulus values were 1.3 to 2.2x higher in scaffolds that were LMA after SDS 

treatment. Neither SDS concentration (p=0.932) or method of decellularization (p=0.571) 

affected modulus values. Since sample thickness varied based on treatment method, initial 

thickness of the sample is an important consideration when interpreting the mechanical 

results. Mechanically derived thickness values showed the largest difference in actual sample 

thickness was between convective flow and agitation groups. Convective flow sample 

thicknesses were 2.2 ±0.2 (0.1% LMA after), 2.1 ± 0.2 (1% LMA after), 2.1 ±0.3 (0.1% 

LMA before), and 2.1 ± (1% LMA before). Agitation sample thicknesses were 2.5 ±0.1 

(0.1% LMA after), 2.4 ±0.2 (1% LMA after), 2.5 ±0.2 (0.1% LMA before), and 2.5±0.3 (1% 

LMA before) which maintained an aspect ratio between 0.35–0.42 for all samples tested.

Average hysteresis values determined from steady state hysteresis loops was significantly 

greater in discs that were LMA after SDS treatment compared to those that were LMA 

before SDS (Figure 6A, p=0.001). When LMA was performed after SDS treatment, 1.4 to 

2.2x higher peak stresses were also attained compared to when LMA was performed before 

SDS treatment (Figure 6B, p<0.001).

ECM Evaluation

H&E staining demonstrated all the decellularization strategies effectively solubilized visible 

cells from TMJd scaffolds. Void fraction within the ECM was quantified from histological 

sections at the termination of all processing steps. Samples decellularized by agitation had 

higher void fractions (15–20%) than those decellularized by convective flow (5–10%), 

(Figure 7, p<0.001). The sequence of LMA (p=0.109) and the concentration of SDS 

(p=0.987) did not influence the measured void fraction.

Laser Micro-Ablation Geometry

The average diameter of the laser ablated channels was smaller and more uniform when 

samples were treated with SDS before LMA (Figure 8, p<0.001). Diameters ranged from 

240–295 μm with a standard deviation between 54 and 64 μm (295 ± 60, 259 ± 60, 240 ± 54, 

and 257 ± 64). This is compared to samples which were LMA before SDS treatment where 

channel diameter ranged from 455–489 μm with standard deviation between 72–122 μm 

(455 ± 73, 487 ± 122, 480 ±113, and 490 ± 110). A three way interaction between SDS 

concentration, delivery method, and LMA sequence was detected (p=0.005). When LMA is 

performed after SDS treatment, channel diameter was significantly larger when low 

concentration of SDS was used under convective flow (p<0.005).
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To further investigate this overall phenomenon a new set of samples were prepared, and 

channel diameters were assessed over a range of pulse durations, on decellularized (1% 

agitation) and native discs. Ablation diameter was consistently smaller on discs that had 

been previously treated with SDS over the entire range of pulse durations tested (Figure 9, 

p<0.001). Extended pulse durations (0.2 sec) were required to ablate through the full 

thickness of the native disc compared to decellularized discs (0.1 sec). This translates to a 

much larger channel diameter to achieve the same depth in native tissue (425 μm) compared 

to in decellularized tissue (200 μm). There were also obvious differences in the geometry 

and uniformity of the ablated channels evidenced by SEM (Figure 9). In LMA (before SDS) 

discs, channels were irregular with a diameter that was larger at the top surface, tapering to a 

small point at the bottom, whereas in LMA (after SDS) discs, channels were smooth with 

very little diameter variation.

DISCUSSION

The purpose of this study was to determine the interaction of surfactant-based 

decellularization on laser micro-ablation of an ex-vivo derived TMJ fibrocartilage scaffold 

with a specific focus on mechanical and morphological outcomes. Due to the joint’s 

complex loading physiology it is essential that the structural integrity of the replacement 

disc be maintained as much as possible to ensure continued function. Further, early cellular 

remodeling events are guided by ECM morphology and can significantly influence outcomes 

of cellular integration and function.

Surfactant chemistry suggests that detergents are effective at the critical micelle 

concentration (CMC). For SDS this ranges from 8.5 mM to 3.5 mM with a 0.1% w/v 

solution of SDS approximately 3.5 mM33. In these investigations, results have shown that 

both SDS concentrations (0.1% and 1%), and agitation or perfusion schemes, were effective 

at solubilizing whole cells from the TMJ scaffolds. The use of low SDS concentrations is 

desirable as it reduces the potential of cytotoxic effects that may result from residual 

surfactant, and reduces ionic denaturation of the ECM proteins. Hudson et al 34 evaluated 

the effects of amphoteric, anionic, cationic, non-ionic detergents at their CMC and 10x CMC 

on nerve decellularization and showed anionic and amphoteric detergents to be more 

effective in terms of cell removal and morphological preservation. Amphoteric detergents 

were more effective at high concentrations, while anionic detergents, like SDS, were more 

effective at low concentrations. The authors attribute this to packing density of the micelles, 

which is limited in charged anionic surfactants due to head group repulsion. Other studies 

confirm the effectiveness of SDS at concentrations between 0.075% and 0.1%15,35. 

Specifically Stapleton et al showed that lower concentrations (0.1% [w/v]) did not damage 

the tissue ECM while still effectively removing cellular components in meniscus tissue 

decellularization.

During heart valve decellularization, collagen loss has been shown to increase proportionally 

with incubation time36. Investigations herein show increased collagen degradation over 

decellularization time and at 1% SDS compared to 0.1%. A higher concentration of collagen 

was lost with LMA tissues (before SDS), likely due to fragmentation of collagen fibers by 

the LMA process resulting in additional deterioration. Fragmentation and swelling of 
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collagen has been noted in tissues decellularized with high concentrations of SDS37. The 

results are consistent with previous studies showing bulk swelling of the scaffold irrespective 

of the sequence of laser micro ablation (before or after) decellularization. Swelling effects 

were more pronounced in scaffolds treated with 1% SDS verses 0.1% SDS. This was 

minimized in convective flow due to higher pressures in the convective flow circuit which 

likely acted to compact the scaffold. The assessment of microscopic void space on histologic 

sections demonstrated no significant difference between 0.1% and 1% SDS treatments but 

did between convective flow and agitation.

Several studies have investigated the effect of pressure in decellularization strategies8,38,39. 

High hydrostatic pressure in the range of 1 GPa resulted in compaction and ineffective 

removal of nuclei in aortic tissue compared to SDS decellularization38, yet another study 

noted that periodic pressurization with enzymatic treatments was more effective than 

strategies without an applied pressure gradient when decellularizing porcine dermis39. 

Montoya et al demonstrated differential extraction efficiency of phospholipid and protein 

from the human umbilical vein depending on the pressure used. High pressure (150 mmHg) 

more efficiently extracted phospholipid, while low pressure (50 mmHg) more efficiently 

extracted protein8. It has also been noted that pressure must be carefully monitored in 

perfusion decellularization of whole organs, to ensure the vasculature and other fine 

structures remain intact40,41. Lower concentration of SDS used in these decellularization 

protocols resulted in less collagen degradation and ECM alteration, however optimum 

concentration may vary by the delivery method. For example, higher concentrations of SDS 

may be necessary when pressure based decellularization is used, as ECM compaction 

reduces permeability and thus SDS-tissue interactions.

No effects on bulk tissue mechanics were noted between either 0.1% or 1% SDS treatments, 

however the sequence of LMA (either before or after SDS) affected the scaffolds’ 

mechanical properties significantly. Scaffolds LMA after SDS treatment displayed increased 

compressive modulus, hysteresis, and peak stress. These outcomes could result from a 

combination of the increased degradation of collagen observed in LMA tissues and from 

differences in CO2 laser ablation geometry, namely smaller channel diameter, when LMA 

was performed after decellularization42–44.

The process of tissue ablation occurs in a cycle. As the laser light interacts with the tissue, 

heat is generated as photons are absorbed, leading to an increase in temperature, and finally 

ablation once the tissue reaches a threshold temperature45. For example, the main 

chromophore in the IR range is water which dominates the absorption properties of tissues 
46,47. This necessitates freeze drying prior to laser ablation to reduce initial incident light 

scattering as determined previously28. The geometry of ablated tissue is therefore dictated 

by initial absorption/scattering characteristics and subsequent heat transfer (thermal 

diffusion) resulting from thermodynamic properties of the tissue48. Native tissue is 

heterogeneous with many different components such as cell membranes, DNA/RNA, 

collagen, glycosaminoglycans, and water. The density and abundance of potential scattering 

molecules in the ECM likely decreased as a result of SDS treatment. This would lead to a 

more rapid increase in localized temperature given the same CO2 pulse resulting in smaller 

channel diameter. The difference observed in laser ablation between native and 
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decellularized TMJd fibrocartilage also indicates the difference that may be observed for 

other tissue types based on heat transfer properties of the tissue.

The wavelength of a CO2 laser (10.2 μm) dictates the smallest spot size a beam could be 

focused to, meaning realistic ablation diameters are more likely to be a few hundred microns 
49. The energy delivered by a continuous CO2 laser is proportional to duration of the pulse, 

therefore pulse duration will also impact channel depth and diameter to some extent. We 

were able to demonstrate that the average channel diameter was consistently smaller over a 

range of pulse durations in samples which had been SDS-treated first. A pulse duration of 

0.1 s resulted in a continuous pore through the thickness of a decellularized disc with 

average diameter of 205 μm. The same pulse duration on non-decellularized discs, produced 

a pore diameter of 340 μm and failed to penetrate through the scaffold. By extending the 

pulse duration to 0.2 s a continuous pore was created however the diameter was significantly 

larger at 425 μm. Pore sizes within various tissue engineering scaffolds has been studied and 

it has been found that optimal pore size which supports cell migration and ingrowth is 

between 100–325 μm 28,50,51.

In conclusion, it was demonstrated that LMA parameters such as pulse duration can be 

altered to produce channels with a range of diameters (120–300+ μm) within previously 

decellularized scaffolds. Future work is needed to determine optimum cell reseeding 

methods in conjunction with pore size, pattern, and culture regimes to further improve 

cellular integration and enhance remodeling. While the less porous geometry observed in 

convective flow decellularized tissue is more similar to native structures; it is likely that the 

increased porosity of the bulk ECM from agitation based decellularization may improve 

initial cellular integration into the ECM itself. Agitation decellularization may also offer 

benefits in scaled processes where a higher throughput can be achieved. Lastly, in agitation 

based decellularization, lower concentrations of SDS can be used that minimizes ECM 

degradation, preserve general morphology and reduces the risk of residual surfactant 

contamination in the scaffold.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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