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Abstract
Increasing anterior cruciate ligament (ACL) rupture rates are driving the need for new graft materials which undergo testing 
to characterize material properties and function. The in vitro collagenase assay is routinely used to determine the degrada-
tion rate of collagenous materials. At times, it is used to screen new biomaterials on the basis that results reflect breakdown 
rates in vivo. However, its predictive potential is inconclusive with no guidelines for acceptable in vitro rates of degradation. 
Reference data from target tissue/s or existing clinical materials are needed to determine appropriate thresholds. From a 
summary of reported protocols, the most common bench conditions (bacterial collagenase; unloaded samples) were used 
to evaluate the in vitro degradation of human tendons used as ACL allografts: patellar, semitendinosus, gracilis, Achilles, 
tibialis anterior and posterior. Tendons were sectioned in equal volumes and exposed to 100 U collagenase for 1, 2, 4 or 
8 h. The change in dry weight was analysed using mixed linear regression. All tendon samples demonstrated a significant 
reduction in mass over time but the patellar tendon degraded significantly faster than all other tendons (P ≤ 0.004). As all 
tendons used in this study are clinically accepted, this study provides a range of human tendon reference data for comparative 
assessment of new tendon and ligament biomaterials. However, the more rapid degradation of the patellar tendon, one of the 
most successful ACL graft materials, also highlights the limitations of common collagenase assay conditions for predicting 
in vivo performance, particularly in the absence of suitable comparative controls.
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Introduction

Novel biomaterials for tendon and ligament applications 
range from natural and synthetic polymers, decellularised 
extracellular matrices and patient-derived constructs [1–3]. 
A large proportion of biomaterials are predominantly com-
posed of collagen to match the major compositional element 
of tendons and ligaments (65–80% of tissue dry mass) [4, 5]. 
Collagen is susceptible to degradation in vivo by a number 
of different enzymes including matrix metalloproteinases 
designated as collagenases [6]. These enzymes participate 
in the natural turnover of tendons, ligaments and other tis-
sues [7], and play an active role in the integration of graft 
materials which often include periods of inflammation, cel-
lular proliferation, revascularization and remodelling and 
maturation [8]. In vivo resorption and remodelling affect 
the mechanical strength of graft materials which is a critical 
factor for load-bearing applications. As such, graft mate-
rials need to maintain sufficient structural integrity while 
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the processes of cellular penetration, vascularization, and 
neogenesis occur. Ideally, the rate of material resorption 
matches the rate of tissue repair/integration. Thus, degrada-
tion characteristics and breakdown rates are key considera-
tions in the development of tendon and ligament biomateri-
als, particularly after processes such as decellularization, 
crosslinking and sterilization which can alter the overall 
structure, mechanical strength and degradation susceptibil-
ity of materials [9].

High-throughput evaluation of materials in vivo is costly, 
time consuming, and ethically against safety practices and 
aims to replace, reduce, and refine the use of animals. 
In vitro tests are, therefore, critical tools for early-stage 
screening of new materials. The collagenase assay is com-
monly used as an in vitro test of the enzymatic susceptibility 
of materials. It is listed as an outcome measure in several 
standards of the American Society for Testing and Materials 
(ASTM International):

•	 Collagenase susceptibility, ASTM F3354 Standard Guide 
for Evaluating Extracellular Matrix Decellularization 
Processes [10];

•	 Collagenase resistance, ASTM F2212 Standard Guide for 
Characterization of Type I Collagen as Starting Material 
for Surgical Implants and Substrates for Tissue Engi-
neered Medical Products (TEMPs) [11];

•	 Collagenase degradability, ASTM F3089 Standard Guide 
for Characterization and Standardization of Polymeriz-
able Collagen-Based Products and Associated Collagen-
Cell Interactions [12]

While the collagenase assay may be a useful method 
for characterizing material behaviour, the standards do not 
establish guidelines for use of the collagenase assay as an 
in vitro screening tool that is predictive of in vivo perfor-
mance. As such, there are significant variations in reported 
protocols across the literature (Table 1) including the spe-
cific collagenase used (origin), concentration, starting mate-
rial size, and duration of exposure (digestion time), and 
appropriate controls or acceptance criteria have not been 
defined. The existing evidence for the predictive potential of 
the collagenase test is limited and conflicting [13–18]. In the 
absence of a direct correlative study of in vitro and in vivo 
results, comparative reference data may be determined by 
evaluating the in vitro degradation of the target tissue or 
materials in current clinical use with known performance 
outcomes in vivo. Additionally, reference datasets are of 
particular use where access to comparative materials may 
be limited and/or cost prohibitive.

For tendon and ligament applications, human tendons 
used as autografts or allografts with well-established clini-
cal outcomes are an ideal starting point. Reconstructions of 
the anterior cruciate ligament (ACL) routinely use various 

human autograft and allograft tendons and is an area of 
growing demand with increasing numbers of reconstructions 
being performed globally. For example, the annual incidence 
of reconstructions increased 54.8% in Italy between 2001 
and 2015 [38], 43% in Australia between 2000 and 2015 
[39], and 22% in the US between 2002 and 2014 [40]. Ten-
don autografts are the current gold standard in which the 
most common are a bone-patellar tendon-bone (BPTB) graft 
or hamstring tendons (semitendinosus and gracilis) [41]. 
Allograft tendons also include the tibialis anterior/posterior 
tendons and the Achilles tendon [42]. The insufficiencies 
and limitations of autografts and allografts, and the increas-
ing rates of both primary ACL ruptures and re-ruptures are 
driving research into the development of suitable alterna-
tives. For novel biomaterials designed to replace the ACL, 
an acceptable range of in vitro degradation rates may be 
determined by assessment of human tendons used as auto-
grafts and allografts. Therefore, the aim of this study was to 
evaluate and compare the in vitro collagenase degradation 
rates of human patellar, semitendinosus, gracilis, Achilles, 
and tibialis anterior and posterior tendons, using some of 
the most frequently reported test conditions (bacterial col-
lagenase and unloaded, stress-deprived samples) to establish 
a comparative reference dataset.

Materials and Methods

Tissue Collection

All protocols in this study were approved by the Northern 
Sydney Local Health District Human Research Ethics Com-
mittee. Informed consent was obtained from all donors or 
next of kin. Tendons were retrieved from 6 fresh-frozen 
human cadavers (3 male, 3 female; 49–62 years old). Donors 
had no documented history of musculoskeletal injury or dis-
ease, and no surgery performed on the lower limbs. Experi-
mental samples were obtained opportunistically alongside 
samples used for other research studies. For this experiment, 
a small portion of tissue was collected from the mid-tendon 
of the patellar, semitendinosus, gracilis, Achilles, tibialis 
anterior, and tibialis posterior tendons which represent ten-
dons used as graft materials for ACL reconstruction [41, 42]. 
Quadricep tendons were not evaluated in this study despite 
their increasing use for ACL reconstruction.

Collagenase Digestion

The collected tissue segment was sectioned into 
10 mm × 2 mm × 2 mm volumes. Samples from the same 
donor tendon were collected and allocated to 1 of 4 diges-
tion timepoints: 1, 2, 4, or 8 h (n = 4–6 samples/tendon/
time point). There were no samples for the gracilis tendon 
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Table 1   Summary of varying collagenase assays used to assess collagen-based materials

Test Sample Control Sample Collagenase Origin Collagenase Con-
centration

Sample Size Digestion Time (h) Ref

Human acellular 
dermal matrix

Native human 
cellular dermal 
matrix

Clostridium histol-
yticum (Type I)

100 U/mL  ~ 100 mg 0–16 [13]

Commercial scaf-
folds

Porcine dermis and 
bovine pericar-
dium matrix

Clostridium histol-
yticum (Type I)

100 U/mL 60–80 mg 0–16 [14]

Cross-linked decel-
lularized bovine 
tendon-derived 
scaffolds

Non-cross-linked 
decellularized 
bovine tendon-
derived scaffolds

Clostridium histol-
yticum

1 mg/mL
(10–12 CDU/mg)

10–12 mg
(~ 20 mm x
5 mm)

0–96 [15]a

Sterilized reconsti-
tuted scaffold

Non-sterilized 
reconstituted scaf-
fold

Not specified 250 µg/mL 8 mm diameter punch, 
7 mm thickness

0–504 [16]

Cross-linked decel-
lularized bovine 
tendon-derived 
scaffolds

– Clostridium histol-
yticum

3.5 U/cc
(0.008 mg/cc)

0.032 mm × 1.3 mm tape, 
3 cm long

– [17]c

Irradiated/cross-
linked kangaroo 
tail tendon

Non-cross-linked 
or fresh-frozen 
kangaroo tendon

Clostridium histol-
yticum

0.18 U/mL 20 mm long
(~ 3 mm2 diameter)

0–240 [18, 19]d

Various biological 
scaffolds

Porcine small intes-
tine sub-mucosa

Clostridium histol-
yticum (Type I)

20 U/mL “Dog bone” 1.0 cm × 6 cm 
(mid: ~ 0.4 cm × 1.5 cm)

0–30 [20]

Decellularized 
bovine pericar-
dium/dermis

– Clostridium histol-
yticum

2.5 mg/mL 1 cm × 1 cm 0–120 [21]

Decellularized 
bovine pericar-
dium

Sterilized bovine 
pericardium

Clostridium histol-
yticum

0.1 mg/mL 1 cm × 1 cm 0–200 [22]

Cross-linked dermis 
tissue grafts

Non-chemically 
cross-linked col-
lagen sponge

Clostridium histol-
yticum

(Type I, Type II)

50, 100, 200 U/mL  ~ 0.05 mg 0–24 [23]b

Devitalized rabbit 
tendon (loaded 
under tension)

Devitalized rabbit 
tendon (unloaded)

Clostridium histol-
yticum

(Type VII)

60 U/mL Entire specimen
(~ 12 mm2 area, 22 mm 

length)

20 [24]c

Cross-linked
dermal sheep col-

lagen

Non-cross-linked 
dermal sheep 
collagen

Clostridium histol-
yticum (Type I)

100 U/mL
(10 U/mg)

10 mg 0–25 [25]

Cross-linked bovine 
ventral pericar-
dium

Untreated bovine 
pericardium

Clostridium histol-
yticum (Type I)

5 mg/mL 20–30 mg 0–18 [26]

Decellularized 
porcine tendon

Untreated porcine 
tendon

Clostridium histol-
yticum

100 U/mL 5 mg 0–24 [27]

Commercial scaf-
folds

– Clostridium histol-
yticum

100 U/mL 5 mg 0–24 [28]

Irradiated Allo-
Derm

AlloDerm Clostridium histol-
yticum (Type I)

 ~ 0.4 mg/mL 20–30 mg 0–7 [29]a

Disinfected skin 
biopsy

Cross-linked skin Clostridium histo-
lyticum (Colla-
genase A)

200 U/mL 5 mm diameter biopsy 0–4 [30]a

Cross-linked col-
lagen gels

Glutaraldehyde-
cross-linked 
collagen

Clostridium histol-
yticum (Type I)

200 U 5 mg 0–24 [31]

Cross-linked porous 
collagen scaffold

Uncross-linked 
scaffold

Collagenase
(Type I)

278 U/mg Not specified 0–12 [32]

Mammalian Col-
lagen Type I

– Clostridium histol-
yticum (Type II)

50 U/mL  ~ 5 mg 0–24 [33]a
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at 1 h and only n = 5 at 2 and 8 h. Only n = 4, samples were 
obtained for the semitendinosus tendon at 1 h.

Samples were dehydrated using a vacuum centrifuge 
for 2 h. Dry tissue mass was recorded, and samples were 
rehydrated in 1 mL buffer solution containing 0.1 M Tris 
buffer and 0.05 M calcium chloride (pH 7.4). Samples were 
incubated at 37 °C for 1 h. 100 U of collagenase (Clostrid-
ium histolyticum, Type I-A, Sigma Aldrich, #C2674) was 
added to each sample with a further 1 mL buffer solution 
(final concentration: 50 U/mL; 0.4 mg/mL). Samples were 
returned to 37 °C on a 3D-printed rotator [43] allowing 
for constant agitation. After incubation, 200 µL of 0.25 M 
EDTA was added and samples placed on ice for 10 min to 
halt the reaction. Samples were centrifuged at 3000 g for 
20 min and the supernatant removed. The final dry weight 
was recorded after another 2 h of dehydration.

Statistical Analysis

The change in dry weight after collagenase digestion was 
evaluated using mixed model linear regression (Stata/SE 
15.1, StataCorp LP, College Station, TX), accounting for 
tendons obtained from the same donor, and digestion time, 
sex, and initial dry weight as covariates. Donor age was not 
included in the final model due to the narrow age range and 
absence of a significant effect. The Benjamini–Hochberg 
procedure was used to adjust for multiple comparisons 
between tendons with a 5% false discovery rate.

Results

All tendons demonstrated a reduction in tissue mass over time 
(Fig. 1). At 1 h, the average loss in mass was greatest in the 
patellar tendon, losing over 25% of its initial mass compared to 

all other tendons which retained more than 75% of their initial 
mass. After 4 h, the patellar tendon continued to degrade more 
rapidly, losing 77.2% of its mass compared to less than 46.89% 
for all other tendons.

By 8 h, the average percentage loss was greater than 
90.45% for patellar, tibialis anterior, and tibialis posterior 
tendons. Gracilis, Achilles, and semitendinosus tendons 
were reduced by 81.53%, 70.31%, and 70.08%, respec-
tively. Overall, change in mass was significantly greater in 
the patellar tendon compared to all other tendons (P ≤ 0.004, 
Table 2). Tissue loss was also significantly higher in tibi-
alis posterior compared with semitendinosus (P ≤ 0.0128, 
Table 2).

Discussion

Under the conditions of this study, all tendons tested were 
found to be susceptible to collagenase-mediated digestion. 
On average, the tendons most commonly used for auto- 
and allograft ACL reconstruction represented both the 
most (patellar) and the least (hamstrings: semitendinosus 
and gracilis) degraded tendons. As both BPTB and ham-
string tendons remain the most clinically accepted and used 
graft materials, the results of this study may provide a use-
ful benchmark and acceptable range for the assessment of 
alternative ACL graft materials under similar conditions. 
However, interpretation and use of these results requires 
careful consideration as collagenase degradation alone may 
not provide a clear indication of graft success in vivo.

Using the Collagenase Assay as an Indicator 
of Performance

The collagenase assay is used in vitro to simulate and char-
acterize a key process involved in graft remodelling in vivo, 

Table 1   (continued)

Test Sample Control Sample Collagenase Origin Collagenase Con-
centration

Sample Size Digestion Time (h) Ref

Sterilized and 
cross-linked 
bovine tendon-
derived scaffolds

Non-cross-linked 
bovine tendon-
derived scaffold

Clostridium histol-
yticum

(Type IV)

10 U/mL Not specified 0–24 [34]

Commercial 
porcine collagen 
matrices

– Clostridium histol-
yticum

(Type V)

2 IU/mL 10 mm x
10 mm

0–1200 [35]d

Decellularized 
murine annulus 
fibrosus

– Recombinant 
human MMP-1

100 ng/mL Spinal motion segment 0–24 [36]c

Modified murine-
derived collagen 
fibrils/fibres

Native murine-
derived collagen 
fibrils/fibres

Recombinant 
MMP-1, MMP-8, 
MMP-13

400 nM, 1 μM 0.6 mg/mL,
1 mg

2, 4 or overnight [37]

Digestion with agitationa, staticb, samples under loadc, or with collagenase replenished over timed. MMP = matrix metalloproteinase
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specifically enzymatic material breakdown. Collagenase 
degradation is often associated with a loss of mechanical 
strength [20] and as such, a more slowly degrading material 
is typically considered to be more advantageous/mechani-
cally stable which is an important factor for load-bearing 
applications. In isolation, the results indicate that the patel-
lar tendon is most susceptible to enzymatic degradation, 
and it may be subsequently inferred that the patellar tendon 
would lose mechanical strength more rapidly compared with 
hamstring tendons in vivo. However, clinical studies report 
lower re-injury rates following BPTB ACL reconstructions 
compared with hamstring tendon grafts [44–48]. These find-
ings were confirmed in a meta-analysis by Samuelsen et al. 
[49], although the meta-analysis by Gabler et al. reported 

no significant differences in ACL graft failure rates between 
the two donor tendons [50]. In this context, a faster in vitro 
degradation rate is not necessarily predictive of risk of ACL 
graft failure. Additionally, there are known differences in the 
baseline mechanical properties of different tendons [51], and 
a limitation of the present study is an absence of correlated 
changes in mechanical properties with collagenase diges-
tion. It may be that the expected initial loss of mechanical 
strength in vivo [52] could be sufficiently overcome through 
the selection of a material with either a higher starting 
strength or a lower loss of mechanical properties with col-
lagenase digestion.

Remodelling of the graft is also an important part of 
the ligamentization process, facilitating integration and/or 
replacement with host tissue. Inadequate integration and 
maturation of the implanted material can affect fixation of 
the graft and may delay restoration of mechanical properties 
[52]. Again, comparing the tendons with the fastest (patellar) 
and slowest (hamstring) collagenase degradation results, it 
has been reported that BPTB grafts have a slightly faster 
maturation rate compared with hamstring tendons [53, 54] 
which may indicate a faster restoration of mechanical prop-
erties. In this context, the greater susceptibility of the patel-
lar tendon to enzymatic degradation may be more beneficial.

Suitable control or reference materials are essential for 
the interpretation of in vitro results, particularly in the 
absence of established acceptance criteria. This is the first 
study to evaluate the collagenase susceptibility of gold-
standard ACL graft materials (human tendons) and dem-
onstrates a range of acceptable in vitro degradation profiles 
for comparisons with new materials for ACL reconstruction. 
As noted previously, however, the rates of degradation and 
remodelling need to be carefully aligned in order to prevent 
early failure. The use of an in vitro collagenase assay to 
predict in vivo performance is a difficult undertaking given 
the exclusion of other catabolic and anabolic processes. 
Furthermore, the in vivo maturation process of an ACL 
graft can be active for up to 3 years post-surgery [8], poten-
tially remains incomplete for up to 9–10 years [55–57], and 
occurs more rapidly in animal models versus humans [53]. 
There have been several studies which have evaluated both 
in vitro and in vivo breakdown/resorption characteristics of 
biomaterials in different settings, but the outcomes are not 
always consistent. A good association between collagenase 
digestion and in vivo resorption is typically observed when 
comparing cross-linked versus non-cross-linked materials 
[15, 17, 18] and has also been demonstrated when compar-
ing diverse materials such as porcine pericardium versus 
dermis [21]. In contrast, other studies evaluating steriliza-
tion effects have shown somewhat opposite outcomes with 
the fastest degrading in vitro materials having slightly better 
resistance to in vivo resorption [16] or retention of mechani-
cal strength [13], although these were not always significant. 

Fig. 1   Tissue mass lost during the collagenase assay for individ-
ual tendon types. Mass lost is expressed as the percentage change 
between the initial and final dry weights. a Mean tissue mass lost for 
each tendon type: □, square = patellar; ○, circle = tibialis anterior; 
△, up pointing triangle = tibialis posterior; ▽, down-pointing trian-
gle = Achilles; ◊, diamond = semitendinosus; ⬡, hexagon = gracilis. 
b mean ± standard deviation of tissue mass lost for each tendon type. 
White bar = patellar; black and white diagonal lines = tibialis anterior; 
light grey = tibialis posterior; black and grey diagonal lines = Achil-
les; dark grey = semitendinosus; light and dark grey diagonal 
lines = gracilis
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The limitations of using the in vitro collagenase assay to pre-
dict the in vivo response is clearly demonstrated in the study 
by Sun et al. [14] Two of the commercial products com-
pared (XenMatrix and Strattice) were both non-cross-linked 
materials derived from porcine dermis and processed using 
proprietary methods. In vitro XenMatrix had a significantly 
greater susceptibility to collagenase digestion compared 
with Strattice. However, the opposite occurred in vivo with 
XenMatrix demonstrating slow degradation, poor integration 
and a significant and sustained inflammatory response. Poor 
host integration in vivo can also occur in materials which 
have demonstrated strong resistance to in vitro degradation 
through the use of chemically induced cross-links [22, 58]. 
Thus, while the collagenase assay may be a useful method 
for determining the breakdown characteristics of different 
materials in vitro, in isolation, it cannot provide a definitive 
indication of a material’s performance in vivo. The assay 
should be conducted alongside other biocompatibility tests 
to better reflect the complexity of the in vivo environment 
and host response.

Assay Considerations

While this study was performed under commonly reported 
test conditions, interpreting the results of the collagenase 
assay needs careful consideration of the parameters of the 

test (e.g. Table 1) and the intended application of the mate-
rial. A key factor often highlighted in in vitro studies is the 
use of bacterial collagenase which targets different cleavage 
sites compared with endogenous enzymes, may not represent 
all of the proteases present, and is used in higher concen-
trations than what would be present in vivo [16, 23, 59]. 
A further limitation of the present and published studies is 
the incubation of tendon samples in a stress-deprived state 
despite ACL reconstructions being a load-bearing applica-
tion. Studies have shown that collagen under tension [24] 
is more resistant to enzymatic breakdown due to configura-
tion changes altering the exposure of cleavage sites [59]. 
This would suggest that under tension, the human tendons 
would have degraded at a slower rate. Conversely, processed 
and manufactured materials may have specific characteris-
tics that respond differently to load and strain. For example, 
Bourne et al. found that glycated tendon fibres were instead 
more susceptible to degradation when loaded versus stress 
deprived [60]. This highlights the importance of testing sam-
ples in conditions that are relevant to the intended appli-
cation. The current study, in contrast to many others, was 
also conducted under moderate agitation which simulates a 
dynamic environment and contributes to mechanical disrup-
tion of the tissue as it is exposed to collagenase. Lastly, dif-
ferences in sample dimensions/size may affect comparisons 
between material degradation rates. This study attempted 

Table 2   Statistical analysis 
using mixed model linear 
regression

β = regression coefficient; CI = confidence interval
a Significant effect (P < 0.05); bSignificant effect after Benjamini–Hochberg adjustment for multiple com-
parisons (5% FDR)

Variable β 95% CI P

Covariates
Starting Dry Weight 0.49 [0.41, 0.58]  < 0.0001a

Sex (Male vs Female) 1.39 [− 1.25, 4.03] 0.3006
Digestion Time (h) 2.29 [2.02, 2.56]  < 0.0001 a

Pairwise Comparisons
Semitendinosus vs Patellar − 6.62 [− 9.10, − 4.15]  < 0.0001b

Gracilis vs Patellar − 5.80 [− 8.58, − 3.02]  < 0.0001b

Achilles vs Patellar − 4.36 [− 6.85, − 1.87] 0.0006b

Tibialis Anterior vs Patellar − 3.48 [− 5.85, − 1.11] 0.0040b

Tibialis Posterior vs Patellar − 4.21 [− 6.64, − 1.78] 0.0007b

Gracilis vs Semitendinosus 0.82 [− 1.99, 3.63] 0.5663
Achilles vs Semitendinosus 2.26 [− 0.42, 4.95] 0.0989
Tibialis Anterior vs Semitendinosus 3.15 [0.67, 5.62] 0.0128b

Tibialis Posterior vs Semitendinosus 2.41 [− 0.06, 4.88] 0.0557
Achilles vs Gracilis 1.44 [− 1.60, 4.48] 0.3531
Tibialis Anterior vs Gracilis 2.32 [− 0.45, 5.09] 0.1006
Tibialis Posterior vs Gracilis 1.59 [− 1.13, 4.31] 0.2527
Tibialis Anterior vs Achilles 0.88 [− 1.61, 3.38] 0.4878
Tibialis Posterior vs Achilles 0.15 [− 2.55, 2.85] 0.9137
Tibialis Posterior vs Tibialis Anterior − 0.73 [− 3.15, 1.68] 0.5519
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to mitigate any indirect effects by trimming all samples to 
similar dimensions; however, the starting dry mass remained 
variable (Online Resource Fig. S1) and was found to have 
a significant effect on the final percentage change in mass 
(Table 2). The data were reviewed to determine if the ini-
tial wet tissue mass could be used to assist sample stand-
ardization and a significant positive correlation was found 
when evaluating all tendons (r = 0.83, P < 0.0001; Fig. S1a). 
Closer inspection of individual tendon types using predictive 
margins calculated from a mixed linear regression model 
demonstrated different relationships for each individual 
tendon, although ~ 50 mg wet tissue weight may produce 
the most consistent dry weight across the tendons tested in 
this study (Fig. S1b). However, this particular relationship 
between sample wet weight and dry weight is likely to be 
highly specific to the current study using unprocessed ten-
dons from mid-aged donors.

In addition to experimental factors, other tendon- or 
material-specific variables should be taken into consid-
eration to assist the interpretation of results. For example, 
within the present study, collagenase susceptibility may be 
influenced by differences in tendon ultrastructure (e.g. col-
lagen fibril diameters and packing densities) or native tis-
sue cross-links which can vary with tissue origin and age 
[61–64]. The greater susceptibility of the patellar tendons to 
enzymatic degradation may be due to a lower number of col-
lagen fibrils and greater spacing between fibrils (reported as 
a lower fibril:interstitium ratio) when compared with other 
tendons such as the more slowly degrading hamstring ten-
dons [56, 57, 61]. Another study also appears to demonstrate 
that tibialis anterior tendons, which were 92% degraded at 
8 h, have greater spacing between collagen fibrils when com-
pared with Achilles tendons which were only 70% degraded 
at 8 h [65]. This spacing (and cross-links) between fibrils 
and fibres likely affects fluid flow throughout the sample and 
the overall area exposed to collagenase, which when com-
bined with the dynamic motion of the experimental setup, 
results in a more rapid structural disintegration (i.e. as the 
tissue separates, there is greater exposure to the enzyme and 
thus more rapid digestion). Additional comparative studies 
of variations in tendon ultrastructure and composition are 
needed to provide further insight.

Conclusions

The collagenase assay is widely used for characterizing a 
variety of biomaterials in vitro, and at times, the results are 
used to select materials for further development. As summa-
rized in Table 1, there exists notable variations in published 
protocols as well as the samples used as comparisons or con-
trols. In the absence of established acceptance criteria, exist-
ing materials in clinical use provide a useful comparison 

for development of new biomaterials. This study used com-
monly reported testing conditions to determine the range of 
in vitro degradation rates of human tendons used for ACL 
reconstruction and discusses some important considerations 
for the use and interpretation of the collagenase assay.

Supporting Information

The correlation of starting wet and dry tissue mass and the 
predictive margins for different tendons is available as a sup-
plementary figure (Online Resource Fig. S1).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s44174-​022-​00046-9.

Acknowledgements  The authors gratefully acknowledge the funding 
support of the Australian Orthopaedic Association, Lincoln Centre 
for Research into Bone and Joint Diseases, Ramsay Teaching and 
Research Trust Fund, the Department of Industry, Science, Energy and 
Resources (Innovative Manufacturing Cooperative Research Centre) 
and Bone Ligament Tendon Pty Ltd.

Funding  Open Access funding enabled and organized by CAUL and 
its Member Institutions. This research was funded by the Australian 
Orthopaedic Association, Lincoln Centre for Research into Bone and 
Joint Diseases, Ramsay Teaching and Research Trust Fund, and co-
funded by the Department of Industry, Science, Energy and Resources 
(Innovative Manufacturing Cooperative Research Centre) and Bone 
Ligament Tendon Pty Ltd.

Declarations 

Conflict of interest  Funding bodies had no role in the design of the 
study; or in the collection, analyses, or interpretation of data. The au-
thors BV, DMA, PH, SAH, and CLB have no competing interests to 
declare. Authors ECC, NH, and CBL declare the following potential 
conflicts of interest: Authors receive research support as principal in-
vestigators from Bone Ligament Tendon Pty Ltd (ECC and CBL); Al-
legra Orthopaedics Ltd (ECC); Ceva Animal Health, Concentric An-
algesics Inc, Cynata Therapeutics and Regeneus Ltd (CBL). Authors 
serve on the boards of the Lincoln Centre for Research into Bone and 
Joint Diseases (ECC); Bone Ligament Tendon Pty Ltd (NH); and Al-
legra Orthopaedics Ltd (NH). Authors own stock or stock options in 
Bone Ligament Tendon Pty Ltd (NH) and Allegra Orthopaedics Ltd 
(NH).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

https://doi.org/10.1007/s44174-022-00046-9
http://creativecommons.org/licenses/by/4.0/


758	 Biomedical Materials & Devices (2023) 1:751–759

1 3

References

	 1.	 W.L. Lim et al., Current progress in tendon and ligament tissue 
engineering. Tissue Eng. Regen. Med. 16(6), 549–571 (2019)

	 2.	 M. Silva et al., Biodegradable polymer nanocomposites for liga-
ment/tendon tissue engineering. J. Nanobiotechnol. 18(1), 23 
(2020). https://​doi.​org/​10.​1186/​s12951-​019-​0556-1

	 3.	 S.J. Kew et al., Regeneration and repair of tendon and ligament 
tissue using collagen fibre biomaterials. Acta Biomater. 7(9), 
3237–3247 (2011)

	 4.	 P. Kannus, Structure of the tendon connective tissue. Scand. J. 
Med. Sci. Sports. 10(6), 312–320 (2000)

	 5.	 T.J. McKee et al., Extracellular matrix composition of connective 
tissues: a systematic review and meta-analysis. Sci. Rep. 9(1), 
10542 (2019). https://​doi.​org/​10.​1038/​s41598-​019-​46896-0

	 6.	 J.F. Woessner Jr., Matrix metalloproteinases and their inhibitors in 
connective tissue remodeling. FASEB J. 5(8), 2145–2154 (1991)

	 7.	 S. Sprangers, V. Everts, Molecular pathways of cell-mediated 
degradation of fibrillar collagen. Matrix Biol. 75, 190–200 (2019)

	 8.	 S. Claes et al., The “ligamentization” process in anterior cruci-
ate ligament reconstruction: what happens to the human graft? A 
systematic review of the literature. Am. J. Sports Med. 39(11), 
2476–2483 (2011)

	 9.	 M. Meyer, Processing of collagen based biomaterials and the 
resulting materials properties. Biomed. En. 18(1), 24 (2019). 
https://​doi.​org/​10.​1186/​s12938-​019-​0647-0

	10.	 ASTM International ASTM F3354 Standard Guide for Evaluating 
Extracellular Matrix Decellularization Processes; West Consho-
hocken, PA (2019).

	11.	 ASTM International ASTM F2212 Standard Guide for Charac-
terization of Type I Collagen as Starting Material for Surgical 
Implants and Substrates for Tissue Engineered Medical Products 
(TEMPs); West Conshohocken, PA (2020).

	12.	 ASTM International ASTM F3089 Standard Guide for Charac-
terization and Standardization of Polymerizable Collagen-Based 
Products and Associated Collagen-Cell Interactions; West Con-
shohocken, PA (2014).

	13.	 M. Sandor et al., Relevant in vitro predictors of human acellular 
dermal matrix-associated inflammation and capsule formation in 
a nonhuman primate subcutaneous tissue expander model. Eplasty 
17(2017)

	14.	 W.Q. Sun et al., Process-induced extracellular matrix alterations 
affect the mechanisms of soft tissue repair and regeneration. J. Tis-
sue Eng. 4, 2041731413505305 (2013). https://​doi.​org/​10.​1177/​
20417​31413​505305

	15.	 K.A. Alberti, Q. Xu, Biocompatibility and degradation of tendon-
derived scaffolds. Regen. Biomater. 3(1), 1–11 (2016)

	16.	 B.L. Proffen et al., Effect of low-temperature ethylene oxide and 
electron beam sterilization on the in vitro and in vivo function of 
reconstituted extracellular matrix-derived scaffolds. J. Biomater. 
Appl. 30(4), 435–449 (2015)

	17.	 I.V. Yannas et al., Correlation of in vivo collagen degradation rate 
with in vitro measurements. J. Biomed. Mater. Res. 9(6), 623–628 
(1975)

	18.	 S.C. Roe, B.K. Milthorpe, K. Schindhelm, Collagen cross-link-
ing and resorption: effect of glutaraldehyde concentration. Artif. 
Organs. 14(6), 443–448 (1990)

	19.	 S.C. Roe et al., The effect of gamma irradiation on a xenograft 
tendon bioprosthesis. Clin. Mater. 9(3–4), 149–154 (1992)

	20.	 A.H. Annor et al., Effect of enzymatic degradation on the mechan-
ical properties of biological scaffold materials. Surg. Endosc. 
26(10), 2767–2778 (2012)

	21.	 T. Pan et al., Importance of extracellular matrix dynamics after 
surgical implantation of acellular scaffold. J. Biomater. Appl. 
34(6), 790–801 (2020)

	22.	 T. Pan et al., Importance of the free amine groups in acellular scaf-
fold during tissue repairing or regeneration process. J. Biomater. 
Appl. 34(1), 25–35 (2019)

	23.	 A.L. Helling et al., In vitro enzymatic degradation of tissue grafts 
and collagen biomaterials by matrix metalloproteinases: Improv-
ing the collagenase assay. ACS Biomater. Sci. Eng. 3(9), 1922–
1932 (2017)

	24.	 Y. Nabeshima et al., Uniaxial tension inhibits tendon collagen 
degradation by collagenase in vitro. J. Orthop Res. 14(1), 123–130 
(1996)

	25.	 L.H. Olde Damink et al., In vitro degradation of dermal sheep 
collagen cross-linked using a water-soluble carbodiimide. Bio-
materials 17(7), 679–684 (1996)

	26.	 J.M. Lee et al., Crosslinking of tissue-derived biomaterials in 
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). J. Mater. 
Sci. 7(9), 531–541 (1996)

	27.	 C.R. Deeken et al., Method of preparing a decellularized por-
cine tendon using tributyl phosphate. J. Biomed. Mater. Res. 
Part B 96(2), 199–206 (2011)

	28.	 C.R. Deeken et al., Differentiation of biologic scaffold materials 
through physicomechanical, thermal, and enzymatic degrada-
tion techniques. Ann. Surg. 255(3), 595–604 (2012)

	29.	 S.S. Gouk et al., Alterations of human acellular tissue matrix by 
gamma irradiation: histology, biomechanical property, stability, 
in vitro cell repopulation, and remodeling. J. Biomed. Mater. 
Res. Part B 84(1), 205–217 (2008)

	30.	 R.J. Lomas et al., Application of a high-level peracetic acid 
disinfection protocol to re-process antibiotic disinfected skin 
allografts. Cell Tissue Banking 5(1), 23–36 (2004)

	31.	 X. Duan, H. Sheardown, Crosslinking of collagen with dendrim-
ers. J. Biomed. Mater. Res. Part A 75(3), 510–518 (2005)

	32.	 L. Ma et al., Enhanced biological stability of collagen porous 
scaffolds by using amino acids as novel cross-linking bridges. 
Biomaterials 25(15), 2997–3004 (2004)

	33.	 H. Capella-Monsonis et al., An experimental toolbox for char-
acterization of mammalian collagen type I in biological speci-
mens. Nat. Protoc. 13(3), 507–529 (2018)

	34.	 L.M. Delgado, K. Fuller, D.I. Zeugolis, Influence of cross-
linking method and disinfection/sterilization treatment on the 
structural, biophysical, biochemical, and biological properties 
of collagen-based devices. ACS Biomater. Sci. Eng. 4(8), 2739–
2747 (2018)

	35.	 C. Vallecillo et al., In vitro biodegradation pattern of collagen 
matrices for soft tissue augmentation. Polymers (Basel). 13(16), 
2633 (2021). https://​doi.​org/​10.​3390/​polym​13162​633

	36.	 J.C. Lotz et al., Anulus fibrosus tension inhibits degenerative 
structural changes in lamellar collagen. Eur. Spine J. 17(9), 1149–
1159 (2008)

	37.	 P. Panwar et al., Aging-associated modifications of collagen affect 
its degradation by matrix metalloproteinases. Matrix Biol. 65, 
30–44 (2018)

	38.	 U.G. Longo et al., Epidemiology of anterior cruciate ligament 
reconstruction surgery in Italy: a 15-year nationwide registry 
study. J. Clin. Med. 10(2), 223 (2021). https://​doi.​org/​10.​3390/​
jcm10​020223

	39.	 D. Zbrojkiewicz, C. Vertullo, J.E. Grayson, Increasing rates of 
anterior cruciate ligament reconstruction in young Australians, 
2000–2015. Med. J. Aust. 208(8), 354–358 (2018)

	40.	 M.M. Herzog et al., Trends in incidence of ACL reconstruction 
and concomitant procedures among commercially insured indi-
viduals in the United States, 2002–2014. Sports Health. 10(6), 
523–531 (2018)

	41.	 A.A. Macaulay, D.C. Perfetti, W.N. Levine, Anterior cruciate liga-
ment graft choices. Sports Health. 4(1), 63–68 (2012)

https://doi.org/10.1186/s12951-019-0556-1
https://doi.org/10.1038/s41598-019-46896-0
https://doi.org/10.1186/s12938-019-0647-0
https://doi.org/10.1177/2041731413505305
https://doi.org/10.1177/2041731413505305
https://doi.org/10.3390/polym13162633
https://doi.org/10.3390/jcm10020223
https://doi.org/10.3390/jcm10020223


759Biomedical Materials & Devices (2023) 1:751–759	

1 3

	42.	 D.A. Shaerf et al., Anterior cruciate ligament reconstruction best 
practice: a review of graft choice. World J. Orthop. 5(1), 23–29 
(2014)

	43.	 K.C. Dhankani, J.M. Pearce, Open source laboratory sample rota-
tor mixer and shaker. HardwareX. 1, 1–12 (2017)

	44.	 A. Persson et al., Increased risk of revision with hamstring tendon 
grafts compared with patellar tendon grafts after anterior cruciate 
ligament reconstruction: a study of 12,643 patients from the Nor-
wegian Cruciate Ligament Registry, 2004–2012. Am. J. Sports 
Med. 42(2), 285–291 (2014)

	45.	 R. Rousseau et al., Complications after anterior cruciate ligament 
reconstruction and their relation to the type of graft: a prospective 
study of 958 cases. Am. J. Sports Med. 47(11), 2543–2549 (2019)

	46.	 L. Rahr-Wagner et al., Comparison of hamstring tendon and patel-
lar tendon grafts in anterior cruciate ligament reconstruction in a 
nationwide population-based cohort study: results from the dan-
ish registry of knee ligament reconstruction. Am. J. Sports Med. 
42(2), 278–284 (2014)

	47.	 G.B. Maletis, M.C. Inacio, T.T. Funahashi, Risk factors associated 
with revision and contralateral anterior cruciate ligament recon-
structions in the Kaiser Permanente ACLR registry. Am. J. Sports 
Med. 43(3), 641–647 (2015)

	48.	 T. Gifstad et al., Lower risk of revision with patellar tendon auto-
grafts compared with hamstring autografts: a registry study based 
on 45,998 primary ACL reconstructions in Scandinavia. Am. J. 
Sports Med. 42(10), 2319–2328 (2014)

	49.	 B.T. Samuelsen et al., Hamstring autograft versus patellar tendon 
autograft for acl reconstruction: is there a difference in graft fail-
ure rate? A meta-analysis of 47,613 patients. Clin. Orthop. Relat. 
Res. 475(10), 2459–2468 (2017)

	50.	 C.M. Gabler et al., Comparison of graft failure rate between auto-
grafts placed via an anatomic anterior cruciate ligament recon-
struction technique: a systematic review, meta-analysis, and meta-
regression. Am. J. Sports Med. 44(4), 1069–1079 (2016)

	51.	 F.R. Noyes et al., Biomechanical analysis of human ligament 
grafts used in knee-ligament repairs and reconstructions. J. Bone 
Joint Surg. Am. 66(3), 344–352 (1984)

	52.	 A.M. Seitz, L. Durselen, Biomechanical considerations are crucial 
for the success of tendon and meniscus allograft integration-a 
systematic review. Knee Surg. Sports. Traumatol. Arthrosc. 27(6), 
1708–1716 (2019)

	53.	 L. Pauzenberger, S. Syre, M. Schurz, “Ligamentization” in ham-
string tendon grafts after anterior cruciate ligament reconstruction: 

a systematic review of the literature and a glimpse into the future. 
Arthroscopy 29(10), 1712–1721 (2013)

	54.	 H. Fukuda et al., Bone-patellar tendon-bone autograft maturation 
is superior to double-bundle hamstring tendon autograft matura-
tion following anatomical anterior cruciate ligament reconstruc-
tion. Knee Surg. Sports. Traumatol. Arthrosc. 30(5), 1661–1671 
(2022)

	55.	 H.O. Mayr et al., Histomorphological alterations of human ante-
rior cruciate ligament grafts during mid-term and long-term 
remodeling. Orthop. Surg. 13(1), 314–320 (2021)

	56.	 S. Zaffagnini et al., Neoligamentization process of BTPB used 
for ACL graft: histological evaluation from 6 months to 10 years. 
Knee. 14(2), 87–93 (2007)

	57.	 S. Zaffagnini et al., Electron microscopy of the remodelling pro-
cess in hamstring tendon used as ACL graft. Knee Surg. Sports. 
Traumatol. Arthrosc. 18(8), 1052–1058 (2010)

	58.	 L.M. Delgado et al., To cross-link or not to cross-link? Cross-link-
ing associated foreign body response of collagen-based devices. 
Tissue Eng. Part B Rev. 21(3), 298–313 (2015)

	59.	 K. Saini et al., Tension in fibrils suppresses their enzymatic deg-
radation - a molecular mechanism for “use it or lose it.” Matrix 
Biol. 85–86, 34–46 (2020)

	60.	 J.W. Bourne, J.M. Lippell, P.A. Torzilli, Glycation cross-linking 
induced mechanical-enzymatic cleavage of microscale tendon fib-
ers. Matrix Biol. 34, 179–184 (2014)

	61.	 P.T. Hadjicostas et al., Comparative and morphological analysis 
of commonly used autografts for anterior cruciate ligament recon-
struction with the native ACL: an electron, microscopic and mor-
phologic study. Knee Surg. Sports. Traumatol. Arthrosc. 16(12), 
1099–1107 (2008)

	62.	 K.D. Cunningham et al., Collagenase degradation decreases col-
lagen fibril diameters - an in vitro study of the rabbit medial col-
lateral ligament. Connect. Tissue Res. 40(1), 67–74 (1999)

	63.	 D. Suzuki et al., Biochemical study of collagen and its crosslinks 
in the anterior cruciate ligament and the tissues used as a graft for 
reconstruction of the anterior cruciate ligament. Connect. Tissue 
Res. 49(1), 42–47 (2008)

	64.	 C. Couppe et al., Mechanical properties and collagen cross-linking 
of the patellar tendon in old and young men. J. Appl. Physiol. 
107(3), 880–886 (2009)

	65.	 K. Shino et al., Collagen fibril populations in human anterior cru-
ciate ligament allografts: electron microscopic analysis. Am. J. 
Sports Med. 23(2), 203–209 (1995)


	In Vitro Collagenase Degradation of Grafts Used Clinically for Anterior Cruciate Ligament Reconstruction: Human Tendon Data
	Abstract
	Introduction
	Materials and Methods
	Tissue Collection
	Collagenase Digestion
	Statistical Analysis

	Results
	Discussion
	Using the Collagenase Assay as an Indicator of Performance
	Assay Considerations

	Conclusions
	Supporting Information
	Anchor 14
	Acknowledgements 
	References




