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Abstract
Ruptures of the anterior cruciate ligament (ACL) are still associated with high rates of long-term
complications, even in patients undergoing modern, state-of-the-art replacement. Tissue-engineering
approaches have been shown to be of value in improving treatment of ACL ruptures. However, the
success of tissue-engineering procedures depends on the choice of an appropriate biomaterial.
Decellularized ACL tissue potentially combines the structural composition of the targeted tissue with
a reduced risk of graft rejection or disease transmission. In this study, we tested the effectiveness of
currently available decellularization methods based on TRITON-X, sodium dodecyl sulfate (SDS),
and trypsin. After identifying the most effective decellularization method, the capacity for reseeding
with ACL fibroblasts was studied. All decellularization protocols reduced DNA content, with
TRITON-X treatment having the greatest effect. Concurrently, decellularization did not affect tissue
collagen or total protein content, but did decrease glycosaminoglycan content. TRITONX also
resulted the least glycosaminoglycan depletion. Porcine ACL tissue after decellularization with
TRITON-X could be successfully reseeded with human ACL fibroblasts as demonstrated by steady
DNA content and increasing pro-collagen expression.
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Ruptures of the anterior cruciate ligament (ACL) are an important health problem due to their
high incidence, the immediate limitation of mobility, and increased risk of persisting disability
due to subsequent premature osteoarthritis.1-4 Recent studies have shown that even state-of-
the-art ACL replacement is associated with an unabated risk of joint degeneration in a
startlingly high proportion of patients.1,2,4 To address this problem, tissue-engineered
treatments including augmented primary repair and reconstruction have been developed and
shown promising results in advancing treatment options in ACL ruptures.5-10

However, the success of tissue engineering for ACL treatment is dictated by the three elements
of cells, signals, and biomaterial.11 The optimal biomaterial would be one that simultaneously
supports rapid and directed cell proliferation and orchestrated tissue remodeling, and also
behaves structurally, i.e., in composition and architecture, like native ACL tissue until it is
completely remodeled. Also, it must not go unnoticed that structure and composition of a
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biomaterial play as much a role in signaling as growth factors or other mediators.11,12 Various
materials, especially collagen, have been intensively studied to create biomaterials that mimic
the native ACL as closely as possible and are endowed with the abovementioned
characteristics. However, regardless of any cross-linking procedure or the most rigorous
addition of matrix proteins, the exact structure of ACL cannot yet be rebuilt with the currently
available technology.

An interesting approach to this problem is decellularization of native tissues. The use of
numerous chemical methods has been studied as an option to obtain structurally and
compositionally adequate biomaterials for tissue engineering of heart valves,13 skin,14 blood
vessels,15 and nerves.16 Decellularization has a number of potential benefits: the minimization
of immunogenic reactions leading to graft rejection, the provision of an optimized biomaterial
without competing donor cells, and a reduced risk of disease transmission.17,18 However, it
could potentially be harmful to the function of the biomaterial if decellularization altered the
biochemical tissue composition or structure. A wide variety of methods, based on detergents
and enzymes, have been developed to decellularize tissues and organs.17,19 Probably the most
commonly used and best known reagent for cell removal is trypsin, which has successfully
been used in orthopedic and cardiovascular applications.17,20,21 However, despite its high
effectiveness, trypsin is also disruptive, and exposure times should be well balanced. TRITON-
X is a well-studied, non-ionic detergent, that has been employed with success to decellularize
heart valves,20 blood vessels,22 as well as tendons23 and ligaments.24 Sodium dodecyl sulfate
(SDS), finally, is an ionic detergent with a long-standing record in tissue engineering of
decellularized tissues25-27 that has recently also been used for decellularization of connective
tissues.24

The primary objective of this study is to compare these previously described methods in tissue
decellularization to identify the most effective treatment, i.e., the treatment that removes all
cellular constituents most completely without significantly changing the structural composition
of the tissue. However, even the most effective decellularization method is useless if it
precludes subsequent cellular repopulation of the scaffold. Thus, as secondary objective, after
identification of the most effective method for ACL decellularization, we asked whether this
treatment had effects on proliferation and biosynthesis of ACL fibroblasts seeded within the
decellularized scaffold.

MATERIALS AND METHODS
Experimental Design

Anterior cruciate ligaments were aseptically harvested from eight Yorkshire pigs (six females,
two males; mean age 16.8±0.5 months; mean weight 51.2±11.1 kg), which were sacrificed for
another IACUC-approved study. Tissue was stored in PBS containing 5% penicillin and
streptomycin until processing, but for no longer than 1 week. Samples were decellularized
using TRITON-X, SDS, or trypsin, or treated with PBS to serve as controls. Details of protocols
are given in Table 1. All decellularization procedures were concluded with DNase
(Worthington, Lakewood, NJ) and RNase (Roche, Indianapolis, IN) treatments, and washes.
The effectiveness of decellularization was assessed by measurement of DNA content within
the tissue after decellularization. Furthermore, collagen and glycosaminoglycan (GAG)
content, as well as total protein content, were measured to assess alterations in biochemical
composition of the tissue due to decellularization processes.

In the second phase of the experiment, porcine ACL tissue samples from the same animals
were decellularized using the protocol that combined the highest effectiveness in
decellularization with the least effect on the tissue biochemical composition. These constructs
were then evaluated for their capacity to serve as a biomaterial for human ACL fibroblasts
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tissue engineering. Fibroblasts were obtained from explant cultures of ACL biopsies from three
adolescent, female patients (15±0 years of age) undergoing arthroscopic ACL reconstruction
after recent rupture. Previous studies proved this tissue is a good source of viable ACL
fibroblasts, even for extended periods after the initial trauma.28,29 Briefly, ACL tissue was
washed three times using −/− PBS (Mediatech, Manassas, VA), minced, plated in 100 mm
Petri-dishes, and cultured in DMEM (Mediatech, Manassas, VA) supplemented with 5% FBS
(HyClone, South Logan, UT), 100 IU/ml penicillin, 100 mg/ml streptomycin, and 0.25 μg/ml
amphotericin B (Mediatech, Herndon, VA). Once cells approached 95% confluence, the
explants were removed and the cells were passaged using a standard trypsin/EDTA protocol,
as was done for subsequent passaging. Cells from the first and second passage were seeded
onto decellularized ACL. Briefly, cells were statically seeded by setting 50 μl of cell suspension
containing approximately 500,000 cells on top of each piece of tissue. Cells were allowed to
attach to the tissue for 1 h in an incubator set at 378C, 95% rH, and 5% CO2. Subsequently,
all seeded samples were carefully transferred to fresh 24-well plates and standard media
containing DMEM (Mediatech, Manassas, VA) supplemented with 5% FBS (HyClone, South
Logan, UT), 100 IU/ml penicillin, 100 mg/ml streptomycin, 0.25 μg/ml amphotericin B
(Mediatech, Herndon, VA), and 250 μM ascorbic acid (Wako Chemicals, Richmond, VA) was
gently added. Media was changed twice weekly. Triplicates of ACL tissue samples were
obtained for analysis of DNA content and procollagen production at 2, 7, and 14 days of culture.
Additionally, the content of soluble collagen released into the cell culture medium was
measured at 7, 10, and 14 days. Histological assessment using hematoxylin and eosin staining
was used to study cell location within the sample.

Sample Digestion
All samples obtained for DNA, GAG, or procollagen measurements were digested using a
previously described papain protocol.30 Briefly, samples were lyophilized, weighed, and 1 mL
papain in phosphate buffer (0.125 mg/mL papain) was added. Care was taken to digest no more
than 20 mg of sample per milliliter of papain.31 Subsequently, all samples were digested at 60°
C for 3 h. All samples dissolved completely and were either directly processed or stored at
−80°C.

DNA Measurement in Decellularized and Reseeded Samples
Triplicates of samples were assessed immediately after digestion. The content of DNA in the
digest was assessed fluorometrically using the PicoGreen assay (Quant-iT Pico-Green assay,
Molecular Probes, Eugene, OR) and adjusted for dry weight and normalized for empty samples.

GAG Measurement in Decellularized Samples
Following a validated protocol, the GAG content of digested samples was measured
photometrically at 540 nm using 1,9-dimethyl-methylene blue as color reagent, and regressed
on a standard of shark chondroitin sulfate.32 Again GAG content was adjusted for dry weight
and normalized for empty samples.

Total Protein and Collagen Content of Decellularized Samples
Samples of decellularized ACL obtained for collagen and total protein measurement were
hydrolyzed. Briefly, samples were suspended in constant boiling 6N hydrochloric acid, frozen
by immersion in a dry ice-isopropanol slurry, and flushed and sealed under an atmosphere of
nitrogen. All samples were thus hydrolyzed for 24 h at 110°C. Amino acid contents of cooled,
washed, and dried samples were measured by ninhydrin-based postcolumn derivatization and
ion exchange chromatigraphic separation (440 and 570 nm) using an cation/anion exchange
column and stringent pH control.33 Hydroxyproline contents were used as a surrogate measure
of total collagen content.
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Procollagen Measurement in Reseeded Samples
The procollagen content in the digested, reseeded samples was assessed using a commercially
available ELISA kit for the procollagen Type I C-peptide (PIP EIA kit, Takara Bio Inc., Shiga,
Japan). All results were adjusted for dry weight and normalized for empty samples. A
procollagen assay, rather than a collagen assay was used for two reasons. Firstly, procollagen
is the original product of the cell and reflects cellular metabolism independent from
extracellular protein processing. Secondy, our collagen assay is not sensitive enough to validly
measure the small amounts of newly synthesized collagen against the strong background of
the ACL.

Histological Assessment of Reseeded Samples
After fixation in neutral buffered formalin, samples were embedded in paraffin. Seven-
micrometer-thick section were cut and fixed on glass slides. Representative sections were
stained with hematoxylin and eosin to study the location of the reseeded cells in the ACL.
Histological assessment was done with a Olympus BX51 microscope using a mounted
Olympus DP25 camera and corresponding software (all by Olympus, Center Valley, PA).

Collagen Content of Cell Culture Medium
Exactly 2 ml cell culture medium was collected at each time point, and the identical volume
of fresh medium was added to cultures. The collected media samples were stored at −80°C
until processing. Collagen content was measured using the SIRCOL kit (Biocolor,
Carrickfergus, UK) and normalized using medium from controls of decellularized ACL tissue
without cells.

Statistical Evaluation
All results are presented as mean ± SD with 95% confidence intervals, or as percentages with
95% confidence intervals. Parameters of decellularization protocols and recellularization were
compared using ANOVA with subgroup analyses using Bonferroni correction for multiple
testing, or paired t-tests, as appropriate. A p-value of less than 5% was assumed significant.
All calculations were done using intercooled STATA 10 (Stata Corp LP, College Station, TX).

RESULTS
Decellularization of ACL Samples

All three protocols showed a high effectiveness in decellularization. All protocols showed
significantly less DNA content than controls treated with PBS (p < 0.001). There were no
statistically significant differences in DNA content between the treatment groups (Fig. 1).
Decellularization affected the biochemical integrity of the tissue only minimally (Fig. 2). There
was no significant difference between exposed samples and controls in either collagen (p =
0.15) or total protein content (p = 0.11). However, there was a significant reduction in GAG
content after any type of decellularization when compared to native tissue (p < 0.001). The
largest decrease of GAG was seen after exposure to SDS with an 89.5% (95%CI: 70.8% to
100%) reduction compared to controls treated with PBS. TRITON-X and trypsin exposure led
to GAG reduction by 67.5% (95%CI: 49.4% to 85.5%) and 83.6% (95%CI: 66.1% to 100%),
respectively. While there was no difference in GAG content between trypsin and SDS at the
5% level, the content of GAG in TRITON-X samples was much closer to the intact level after
decellularization.

Reseeding of Decellularized ACL Samples
Porcine ACL tissue decellularized with TRITON-X could be successfully reseeded with human
ACL fibroblasts. Over 14 days, we found a consistent DNA content (p = 0.30). There was an
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increase in procollagen content with time (p = 0.03). Briefly, the procollagen content of samples
increased by 16% (95%CI: 2% to 29%) per day. After adjusting for DNA content, i.e.,
measuring procollagen production per DNA instead of per sample, the increase of procollagen
with time showed an even higher significance (p = 0.003), yet the relative increase did not
change (15% per day, 95%CI: 6% to 25%) (Fig. 3). Histological assessment showed that cells
formed clusters on the surface of the biomaterial without much infiltration into the tissue (Fig.
4).

The analysis of the content of soluble collagen in the collected culture medium showed a
statistically significant overall decrease over time (p = 0.02). The mean content at 7 days was
916.7 ± 231.5 ng/ml and fell to 668.9 ± 221.3 ng/ml at 10 days, and finally to 552.0 ± 152.3
ng/ml at 14 days (Fig. 5). However, the subgroup analysis of these individual groups with
Bonferroni adjustment showed that only the decrease in soluble collagen content from 7 to 10
days was significant (p = 0.05), while the further decrease from 10 to 14 days was not (p =
0.71), suggesting an asymptotic rather than a linear decrease pattern.

DISCUSSION
The objectives of this study were to find the most effective and least destructive procedure
among three ACL decellularization protocols and to assess the capacity of ACL tissue treated
with this protocol to serve as a biomaterial for human ACL tissue engineering. The results
demonstrated that treatment with TRITON-X combined high effectiveness in decellularization
with minimal changes in tissue biochemistry. Also, we could observe that ACL tissue
decellularized with TRITON-X could be successfully reseeded with ACL fibroblasts showing
persistent DNA content and increasing procollagen production.

It has been shown that implanted grafts undergo an initial phase of cellular necrosis, followed
by an inflammatory reaction, and finally tissue remodeling. The course of these events can
result in both remodeling as well as tunnel enlargement or frank graft rejection.34,35 It has been
hypothesized that decellularized grafts could optimize ACL tissue engineering, and even ACL
replacement, since they avoid the abovementioned problems by removing the intrinsic cells
and thus the stimulus for inflammation. In 2004, Cartmell and colleagues published a study on
decellularization of patellar tendon grafts with Tri(n-butyl)phosphate (TBP) or SDS and found
70%–90% reduction of intrinsic cells and similar biomechanics despite morphological changes
in the tissue.23 Woods et al. studied the effectiveness of TRITON-X combined with either SDS
or TBP and found the former to be most effective in decellularization, but also most destructive
in terms of glycosaminoglycan and collagen depletion of samples and increase in tensile
stiffness.24 Unfortunately, this study used TRITON-X as a baseline treatment in all groups,
thus rendering a direct comparison of SDS, TRITON-X, and TBP impossible. Also, this study
showed that SDS-treated samples were only poorly repopulated by fibroblasts, and Gratzer et
al., in 2006, demonstrated this was due to such matrix alterations as mentioned above and not
remnants of SDS.36

What stands out from these studies is the need for a systematic, direct comparison of those
decellularization methods that have been developed in the literature. The effectiveness of such
a procedure needs to be measured by the three parameters: completeness of cell removal,
preservation of the structural and compositional nature of the tissue, and the capacity for
repopulation by fibroblasts. Of note, since the biomaterial is meant to primarily act as a scaffold
for cells, its biomechanical properties are not as important as they would be in a tissue-
engineered whole ACL graft.24 Our findings showed that all treatments are highly effective in
decellularization, and given the absolute values and fairly narrow confidence intervals of
remaining DNA, there is no reason to suspect a different result in a larger study. We used DNA
measurement to determine decellularization effectiveness, since this is a very sensitive method
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to test for the presence of cells. We did not assess decellularization histologically, since such
assessment might yield a false negative result due to oversight of remaining cells in the
physiologically already rather hypocellular ACL. Furthermore, findings concerning structural
alterations due to decellularization showed no significant changes in the contents of collagen
or total protein, but did show a reduction in glycosaminoglycan content, with the potential of
a complete depletion of GAG by SDS or trypsin, which is in accordance with findings from
previous studies.15,36 For GAG content, however, the relatively wide confidence intervals
would allow for considerably different results in future studies. Of the protocols tested in this
study, TRITON-X had the least detrimental effect on GAG content. In summary, we interpreted
these findings as a recommendation for the use of TRITON-X to decellularize ACL tissue
effectively and with the least adverse effects.

Reseeding of the decellularized ACL with human fibroblasts was successful, and our
measurements showed persistent DNA contents and increasing procollagen measures over
time, depicting the typical behavior of highly differentiated cells with high biosynthetic activity
but low mitotic rates. Lower seeding density could lead to higher rates of mitosis, which might
be beneficial in a defect healing environment. Yet it is important to consider that orchestrated
biosynthesis is more important than rapid cell growth, since the latter would lead to a
functionally and mechanically inferior scar tissue.37-39 Our histological specimens showed
that the cells formed clusters on the surface of the biomaterial, as is often seen in static seeding.
40,41 Deeper infiltration into the tissue might be seen at later follow-ups, but since our study
was designed to test the feasibility of reseeding in general and not the behavior of the reseeded
cells, data on time points later than 2 weeks are not available. Another reason for poor
infiltration is the rather high density of the material. In fact, a previous study showed that
ultrasonic modification of decellularized tendon increases recellularization.42 Finally, we
interpret the decreasing content of free soluble collagen in the culture medium despite
increasing procollagen production as an indirect proof of ongoing incorporation of newly
synthesized collagen into the extracellular matrix. It should be remembered that procollagen
contents should only be seen as a surrogate of collagen, but, as pointed out earlier, we decided
to use procollagen rather than collagen measurement because we wanted to study cellular
behavior independent from extracellular processes.

Our study has some shortcomings. Firstly, the question emerges whether it is necessary to
decellularize tissue for ACL tissue engineering at all. Disease transmission with ACL allografts
seems almost negligible,43 and studies have suggested that enzymatic removal of cell surface
epitopes reduces immunogenicity of xenografts.44 However, as mentioned above, it has been
shown that the presence of intrinsic cells, and their necrosis after graft harvest and implantation,
can delay host cell infiltration and affect ligamentization.34,35,45 Although the specifics of
donor–host cell interaction, both beneficial and detrimental, remain widely unknown, it is
rather unlikely that the implantation of allogenic or even xenogenic cells will have any benefit
to the host. Future studies comparing these methodologically different, yet technically
equivalent, methods such as decellularization or epitope removal will be needed to definitively
answer this question. Secondly, there is currently no reason to choose xenogenic over allogenic
tissue for ACL tissue engineering other than availability. However, a xenogenic material is
more easily and abundantly available, which would prove most valuable in a clinical
application. Also, it is likely that the findings obtained from porcine tissue are also valid for
human ACL. Lastly, there might be additional confounding factors we did not include in our
analysis, yet the fairly narrow confidence intervals and findings consistent with the literature
support the precision and validity of our findings, while the size of our sample discourages
further sub-grouping.46 In summary, given the lack of prior comparative studies, the character
of our study is more hypothesis-building in nature than hypothesis-testing.
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In conclusion, our findings commend decellularization with TRITON-X over the use of SDS
or trypsin, measured by effectiveness of cell removal and minimization of biochemical
alterations. Also, porcine ACL tissue decellularized with TRITON -X can be successfully
reseeded with human fibroblasts, which produce procollagen in increasing quantities. Future
studies addressing the in vivo efficacy of decellularized ACL and other available scaffolds
would be of great interest.
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Figure 1.
Differences in DNA content after decellularization. While TRITON-X, SDS, and trypsin
showed significantly less DNA than controls (*, p < 0.05), there was no statistical difference
between the three treatment groups themselves (given as mean ± SEM).

Vavken et al. Page 10

J Orthop Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effects of decellularization on tissue composition. GAG content was significantly lower in all
treated groups when compared to controls (*, p < 0.05), but there were no significant differences
in total collagen and total protein contents (given as mean ± SEM).
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Figure 3.
Parameters of reseeding of grafts decellularized with TRITON-X, which was shown to be the
most effective and least destructive decellularization method. There was no significant change
in DNA content over time. The content of procollagen per DNA increased significantly (given
as mean ± SEM). *, p < 0.05.
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Figure 4.
Representative histological specimens. Typically, variably sized clusters of cells with little
tissue infiltration were seen in histology. (a) Cluster of cells seen at 7 days at ×20. (b, c) Cell
clusters at 14 days at ×20 and ×10. The embedded scale bars represent 100 μm.
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Figure 5.
Amount of soluble collagen in the culture medium. Throughout the experiment, this amount
decreased significantly (*, p < 0.05) (given as mean ± SEM).
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Table 1

Decellularization Protocols

Trypsin SDS TRITON-X Control

0.1% Trypsin 0.1% SDS 0.25% TRITON-X PBS −/−

0.02% EDTA PBS −/− 0.25% NA-deoxycholate

PBS −/− PBS −/−

48h 24h 24h at 37°C

wash w/ medium 72h/4°C

All decellularization procedures were concluded with:
Ribonuclease (RNase 100 μg/mL)

Deoxyribonuclease (DNase 150 IU/mL)
24h at 37°C

wash w/PBS and 0.02% EDTA for 24h at 4°C

J Orthop Res. Author manuscript; available in PMC 2010 December 1.


