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Effect of preservation methods on tensile properties
of human femur-ACL-tibial complex (FATC)
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Purpose: Deep freezing and storing in formalin are some of the common techniques of human tissue preservation. However, the
preservation modes affect the biomechanical properties of the tissues. In this work, the effects of the above-stated preservation tech-
niques are compared with that of fresh cadaveric samples. Methods: FATC samples from male cadavers of age between 60 and 70 years
were tested under tensile loading at a strain rate of 0.8 s–1. Fourteen FATC samples from soft embalmed cadavers were preserved for
3 weeks by two methods: (a) 10% formalin and (b) deep freezing at –20 C followed by thawing. Seven FATC samples from fresh ca-
davers were experimented as control samples. The results were evaluated by a two-stage statistical process of Kruskal–Wallis H test and
Mann–Whitney U-test. Results: It was observed that the failure force of fresh cadavers was the highest while that of preserved samples
were approximately half the value. Failure elongation of frozen samples exceeded fresh samples while formalin samples failed at lesser
elongations. Higher incidence of tibial insertion point or mid-section failures were observed in fresh samples while the higher incidence
of ruptures at femoral insertion point was observed in the two preservation methods. Conclusion: Tensile properties of fresh tissues vary
significantly from that of formalin preserved or frozen preserved samples.
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1. Introduction

Cadaveric studies are important to evaluate biome-
chanical properties of human tissues [16]. Due to un-
availability of fresh cadaveric samples within a short
period, preserved tissue samples are often used for
biomechanical testing [20], [23]. The common modes
of preservation of  tissue samples are storage in forma-
lin or deep freezing [4], [7]. However, the variations
in mechanical properties between preserved and fresh
samples are not reported for human soft tissues. Ken-

nedy et al. characterized fresh human cadaveric knee
ligaments, however comparison with other preserva-
tion modes were not reported [11]. One of the tissues
that is of significant interest to biomechanics re-
searchers is the Anterior Cruciate Ligament (ACL) in
the knee that helps in the stability during various
kinematics, such as flexion, rotation and adduction.
ACL is more prone to injury than other ligaments of
the knee [10]. Hence, the biomechanical properties of
ACL are of significant interest to researchers to en-
hance the injury prevention. In the past, biomechani-
cal testing of ligament from preserved cadaveric sam-
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ples were carried out to understand the failure me-
chanics of ligament [3], [11], [18], [19], [21]. The ca-
daveric samples were stored either in saline [11] or in
formalin or deep-frozen between –15 C and –30 C
[3], [20].

Due to the lack of literature on the effect of stor-
age methods on human cadaveric ACL, studies on
other human tissues as well as animal ACL tissues are
briefly described here. Herzog [9] studied the effects
of storage chemicals (cialit) of human tendon grafts
(finger flexor and extensor tendons) while Vidiik et al.
[28] studied the effects of storage chemicals (forma-
lin) on rabbit ACL. According to both Herzog and
Vidiik et al., cell nucleus is the first structure to un-
dergo degeneration after death in formalin-fixed sam-
ples, followed by the interstitial tissues [9], [28].
These chemical-induced changes affect the biome-
chanical properties of the tissues. Viidik et al. studied
various preservation methods such as storage in 0.9%
saline at 20 C for 5 hours, storage in 0.9% saline at
4 C for 24 hours, storage in a deep freezer at –20 C
for one week followed by thawing at 37 C in water,
and storage in formalin for 6 days [28]. The results
were compared with fresh samples (no preservation).
The key observations were: (a) the failure force of
samples stored in 0.9% saline at 4 C matched to that of
fresh samples; (b) the elongation at failure of samples
deep frozen at –20 C closely matched with that of
fresh samples. In another work, Vidiik et al. studied the
effect of time duration elapsed after death on the tensile
properties of rabbit ACL [29]. The authors reported the
tensile properties at 0, 2, 6, 24, 48 and 96 hours. No
significant variations in the failure force, failure elon-
gation, stiffness, failure energy and rupture site were
observed, thereby concluding that the mechanical
properties of ACL tissue are not affected by death for
the duration studied. Noyes and Grood [20] evaluated
the effect of preserving femur-ACL-tibia-complex
(FATC) samples of rhesus monkey in freezer (–15 C)
for 4 weeks. The contralateral knee was experimented
immediately (control). No change in the tensile prop-
erties between frozen and fresh samples was observed.
Barad et al. studied the preservation of rhesus monkey
ACL at 4 C overnight and –80 C for 3 to 5 weeks.
There was no significant difference in tensile prop-
erties of the ligament. Dorlat et al. [6] studied the
behavior of canine ACL stored at –18 C from 5 to
60 days. The authors found a marginal increase in stiff-
ness of preserved samples. However, the average failure
force remained unaffected. Stańczyk and Telega [15]
reviewed the effect of cryopreservation of biological
tissues on the mechanical properties. The authors fo-
cused on mechanical characterizations like compres-

sion, torsion, indentation, pull out etc. The authors did
not report effect on tensile properties. The process of
dehydration occurring in cells was explained. Effect
of freezing on structural proteins, like collagen fibres,
was not discussed. Effect of preservation (formalin
storage and freezing) methods on biomechanical prop-
erties of bones have been studied recently by various
research groups [17], [31], [32]. For no specific rea-
sons, similar studies on ligaments and tendons were
not reported recently.

All of the above-mentioned literature on preserva-
tion methods of tissues are refuting each other’s con-
clusion. Currently, no studies exist on the effect of
sample preservation on tensile properties of human
ACL. In this work, the effects of various preservation
methods, such as 10% formalin and refrigeration at
–20 C of human FATC, on the biomechanical prop-
erties are evaluated by comparing with that of fresh
samples. The results of the tensile tests were analyzed
by two-stage statistical methods.

2. Materials and methods

Ethical clearance for this study was obtained
from Institute ethical committee (reference numbers:
IEC/NP/-332/07.08.2015 & IEC-637/03.11.2017,
RP-29/2017). A brief outline of the steps followed
in this study is outlined in Fig. S1 in supplementary
material. A note on the soft embalming procedure of
cadavers is also provided in supplementary material.

2.1. Acquisition of cadaveric samples

Samples were cut four inches above and below the
knee joint. Patella, quadriceps muscle and patellar
tendon were removed at the time of dissection. FATC

Fig. 1. (a) Marking in cadaver leg for dissection of knee,
(b) knee joint, (c) dissected femur-ACL-tibia-complex (FATC)

(a) (b) (c)
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samples of human male cadavers in the age 60 to 70
were dissected from four fresh cadavers (seven knee
samples) as well as seven soft embalmed cadavers
(fourteen knee samples). The control samples from
fresh bodies were acquired during autopsy. Figure 1
briefs the stages of the dissection process.

2.2. Sample preservation methods

The fresh cadavers serve as control (Method A)
while the two methods of preservations of storage in
formalin and deep freezing are termed as Method B and
C respectively. Of the fourteen samples harvested from
soft embalmed cadavers, seven samples were preserved
in 10% formalin at room temperature (~25 C) for
3 weeks (Method B). Formalin is an aqueous solution
of formaldehyde containing 37–40% formaldehyde
and 60–63% water. The second set of seven FATC
samples harvested from soft embalmed cadavers was
pre-cooled at 4 C (after dissection from the cadaver
for 12 hours) before deep freezing at minus 20 C for
3 weeks. Before the start of the experiment, the knee
samples were defrosted at 4 C for 12 hours, followed
by thawing at room temperature for 12 hours. Medial
collateral ligament (MCL), lateral collateral ligament
(LCL) & posterior cruciate ligament (PCL) were cut
leaving merely the ACL intact. The tissues around
ACL (fat tissues, menisci etc.) were removed. The
crosssectional area of the ligament was measured us-
ing digital vernier before testing.

2.3. Tensile testing of FATC

Conventional grippers were unable to grip FATC
samples. A cylindrical gripper (as shown in Fig. 2c)
was custom-designed and fabricated out of tool steel
grade EN 31 to hold the samples at high strain rates in
the UTM (Tinius Olsen model: H5K5, UK) fitted with
a 5 kN load cell. Use of FATC over isolated ACL
ensures (a) avoidance of slippage of samples at high
strain rates; (b) avoidance of crushing of samples at
the ends during gripping of isolated ACL prepara-
tions. A few research groups had removed small bone
blocks and potted them into molds of resin [2], [14],
[22], [27]. Maintaining the alignment of the tissue
would be difficult in testing those potted samples. To
obtain reliable and repeatable biomechanical proper-
ties of ACL, FATC was used for experimentation
instead of isolated ACL. A cylindrical gripper that
connects to the two bony segments was designed and
fabricated. Further, the gripper was designed to reduce

bending and axial stresses. Holes of 6 mm diameter
were drilled in femur and tibia for clamping. The
FATC sample was clamped using custom made cir-
cular grippers via hardened steel rods passing through
the holes. The samples were prevented from any rota-
tional movement or transverse movement. Figure 2c
shows the fresh human FATC loaded in cylindrical
grippers for tensile testing. The loading axis of the
UTM is aligned with the longitudinal axis of the ACL
tissue. The experiments were conducted at a strain
rate of 0.8 s–1, the highest permissible on the specific
model of the UTM available. Human soft tissues are
viscoelastic in nature, the differences if any between
tissues, are amplified at high strain rates. Therefore, it
shall help in evaluation of the effect of preservation
methods. Hence, the strain rate of 0.8 s–1 closer to the
highest reported strain rate of 1 s–1 [4], [18], [20] was
used. Further, Bonner et al. have indicated that the
frequency of occurrence of ACL injury is higher at
high strain rates [2].

The current fundamental study is aimed at un-
derstanding the strength of the tissue along the lon-
gitudinal axis. The study does not relate directly to
ACL injury or rupture conditions. Statistical analysis
(Kruskal–Wallis H-test and Mann–Whitney U-test) of
tensile properties was performed using IBM SPSS (IBM
Analytics, Chicago, Illinois, USA).

Fig. 2. (a) Human knee with ACL and PCL intact from fresh cadaver,
(b) FATC sample, (c) FATC sample loaded in UTM

using custom-made circular grippers for tensile testing

3. Results

A typical force-elongation graph for the tensile test
of FATC samples with different preservation methods
are shown in Fig. 3a. The difference in failure elonga-
tion between various samples are clearly evident in
Fig. 3a. The numerical values measured from the ex-
periments are provided in Tables 1 and 2. The mean,
median, minimum, maximum, 25th and 75th percentile

(a) (b) (c)
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values for failure force, failure elongation, stiffness,
and failure energy are shown in Fig. 4 while the corre-
sponding details for failure stress, failure strain,
Young’s modulus and volumetric strain energy are
shown in Fig. 5. The frequency of occurrence of fail-
ure modes (or the point of failure) of the tensile tested
samples for each of the preservation methods as well
as the control method are shown in Fig. 7. The overall
p values for the biomechanical were obtained using
Kruskal–Wallis H-test are given in Table 3. The
group-wise statistical analyses were performed for
those cases in which the results of Kruskal–Wallis
H-tests were significant (supplementary section;
Tables S2 to S4). Failure force, failure elongation and
failure strain of the tested samples were found to be
statistically different for the combinations of methods

Fig. 3. (a) typical force-elongation graph for a ligament,
(b) typical force – elongation graph

for preservation methods followed in this study

Fig. 4. Variation in structural properties of FATC
for different methods of sample preservation followed:

(a) failure force, (b) failure elongation, (c) stiffness,
(d) failure energy. The boxes represent the values

between 25th and 75th percentile. The horizontal line
in the middle of each box is median of the corresponding data set.

The vertical lines in each box extend from minimum value
to maximum value for each data set. X represents mean

mentioned in Tables S2 to S4. Other tensile properties
were not observed to vary for the preservation mo-
dalities studied (Table 3). Failure modes observed
during FACT tensile testing are presented in Fig. 6.

Fig. 5. Variation in structural properties of FATC
for different methods of sample preservation followed:

(a) failure stress, (b) failure strain, (c) Young’s modulus,
(d) Volumetric Strain Energy. The boxes represent the values

between 25th and 75th percentile. The horizontal line
in the middle of each box is median of the corresponding data set.

The vertical lines in each box extend from minimum value
to maximum value for each data set. X represents mean

Fig. 6. Failure modes observed during FATC tensile testing:
(a) femoral insertion failure, (a1) shows the footprint of ACL

in femoral insertion region, (a2) view at the tibial region;
(b) midsection failure, (b1) view in the femoral region,
(b2) view in the tibial region; (c) tibial insertion failure,

(c2) footprint of ACL in tibial insertion region

(a) (b) (c)

(a1)

(b1)

(c1)

(a2) (b2) (c2)
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Fig. 7. Failure modes observed during FATC tensile testing:
(a) femoral insertion failure, (a1) shows the footprint of ACL

in femoral insertion region, (a2) view at the tibial region;
(b) midsection failure, (b1) view in the femoral region,
(b2) view in the tibial region; (c) tibial insertion failure,

(c2) footprint of ACL in tibial insertion region

Table 1. Structural properties of FATC specimens used in the study

Preservation
method

Failure
force
[N]

Failure
elongation

[mm]

Stiffness
[Nmm–1]

Failure energy
[Nmm] Failure mode

1283.73 21.98 156.68 6770.23 tibial insertion
1215.73 21.00 146.00 5519.56 tibial Insertion
910.54 18.14 297.87 3270.27 tibial Insertion
1293.82 19.77 225.82 6372.44 mid-section
669.39 13.74 78.88 2617.96 tibial and mid-section
418.35 21.16 68.14 4248.54 mid-section

Method A
– fresh samples

820.59 21.19 83.99 4245.71 mid-section
850.09 17.33 85.33 4476.37 femoral insertion
344.64 14.87 47.44 1309.99 femoral insertion
281.29 11.96 79.05 639.54 tibial insertion
536.97 17.46 65.22 3414.72 femoral insertion
581.58 12.97 61.25 4124.56 femoral insertion
400.27 15.70 83.55 1279.69 femoral insertion

Method B
(10% formalin)

830.98 18.96 65.05 5901.53 mid-section
477.02 27.14 33.127 1819.17 femoral insertion
481.43 16.58 44.41 1820.77 femoral insertion
678.00 17.69 150.15 1748.25 tibial insertion
633.86 19.84 83.54 2398.24 femoral insertion
909.46 18.69 101.90 5035.57 tibial and mid-section
318.90 21.63 41.48 1925.94 tibial and mid-section

Method C
(deep freezing)

395.39 19.46 53.73 1856.75 mid-section

Table 2. Material properties of FATC specimens used in the study

Preservation
method

Failure stress
[MPa]

Failure
strain

[–]

Young’s
modulus
[MPa]

Volumetric
strain energy

[MJm–3]

1 2 3 4 5
23.77 0.73 88.12 4.17
14.47 0.70 51.11 2.19
11.82 0.53 132.37 1.24
13.19 0.56 79.45 1.85
7.96 0.45 28.36 1.03
5.97 0.62 37.62 1.78

Method A
– fresh samples

8.20 0.66 26.45 1.32
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4. Discussion

The force-elongation graph of ACL obtained un-
der tensile loading shows a triphasic graph, consisting
of (i) non-linear elastic toe region, (ii) linear elastic
region and (iii) non-linear yield region as shown in
Fig. 3 (b). The collagen fibrils at first are folded in
a sinusoidal pattern (referred as crimp), that straight-
ens out at low stresses, marking the toe region [8],
[16]. The linear region is characterized with propor-
tional force to elastic deformation. The start of non-
elastic permanent deformation is marked by the yield
region [25]. The three-standard failure sites in the

tensile testing are femoral insertion point, tibial inser-
tion point and mid-section of the ligament (Fig. 6).
Insertion point failure includes avulsion type failures
wherein the soft tissue pulls out from the point of
attachment on the bone along with bone fragments
[30]. Fresh samples fail either at tibial insertion point
or at mid-section. Failure at femoral insertion site was
not observed in fresh samples. In all other preserva-
tion modes, femoral insertion point failures were ob-
served in higher numbers than other failure points.
From this study, it is observed that preservation meth-
ods (followed in the study) alter the bone-ligament
interface making femoral insertion region weaker than
tibial insertion region and mid-section.

1 2 3 4 5
9.40 0.57 28.39 1.65
8.30 0.50 35.70 1.03
5.10 0.40 42.43 0.39
8.60 0.60 21.80 1.88
7.26 0.43 28.2 0.88
5.00 0.50 30.54 0.51

Method B
(10 % formalin)

15.10 0.63 35.37 3.57
6.00 1.00 10.44 1.82
5.90 0.60 49.68 0.77
9.70 0.60 62.39 0.86
9.30 0.70 40.42 1.21
12.99 0.6 44.21 2.32
4.55 0.74 17.22 0.94

Method C
(deep freezing)

6.58 0.69 24.37 1.1

Table 3. Overall p-value by Kruskal–Wallis H-test for tensile properties for five preservation methods

Preservation methods Kruskal–Wallis test

Method A Method B Method CTensile
properties

Mean ± SEM
Median

(Min–max) Mean ± SEM Median
(Min–max) Mean ± SEM Median

(Min–max)
ψ2 p

Failure force
[N] 944.48 ± 127.17 910.54

(418.35–1293.82) 546.54 ± 85.47 536.97
(281.29–850.09 556.29 ± 75.54 481.42

(318.90–677.99) 6.078 0.048

Failure elongation
[mm] 18.18 ± 1.40 19.77

(13.74–21.19) 15.61 ± 0.95 15.70
(11.96–18.96) 20.14 ± 1.23 19.46

(16.57–27.14) 6.063 0.048

Stiffness
[N/mm] 166.45 ± 36.03 146.00

(68.14–297.87) 71.68 ± 5.05 76.15
(47.44–85.33) 72.61 ± 14.90 53.73

(33.12–150.15) 5.818 0.055

Failure Energy
[Nmm] 4402.35 ± 479.65 4248.54

(2617.96–5519.56) 2736.04 ± 730.72 2130.42
(1279.69–5901.53) 2372.09 ± 422.25 1856.75

(1748.25–5035.57) 5.766 0.056

Failure stress
[MPa] 12.19 ± 2.25 11.82

(5.97–23.77) 8.39 ± 1.28 8.30
(5.00–15.10) 7.86 ± 1.03 6.58

(4.55–12.99) 2.545 0.280

Failure strain 0.56 ± 0.04 0.56
(0.41–0.70) 0.51 ± 0.03 0.50

(0.40–0.63) 0.70 ± 0.05 0.69
(0.60–1.00) 7.160 0.03

Young’s modulus
[MPa] 71.50 ± 18.67 51.11

(26.45–145.19) 31.77 ± 2.52 30.54
 (21.80–42.43) 35.53 ± 6.63 40.42

(10.44–62.39) 3.325 0.190

Volumetric
strain energy
[MJm–3]

1.74 ± 0.23 1.78
(1.03–2.8) 1.41 ± 0.41 1.04

(0.39–3.57) 1.29 ± 0.20 1.10
(0.77–2.32) 2.456 0.290
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4.1. Effect of formalin preservation
of samples on tensile properties

The chemistry behind the diffusion of formalin
into tissue and its reaction with protein molecule is
provided in the supplementary section. In the current
study, formalin-preserved samples (method B) fail at
lower elongation values than fresh (method A) and
frozen ones (method C). Also, the toe-region of for-
malin preserved samples were smaller, compared to
fresh and frozen samples. The failure force was
observed to be higher in fresh samples than all the
preserved samples by at least twice the value. The
elongation of formalin-treated tissues decreased in
comparison to fresh samples. As preservation was per-
formed for an average duration of three weeks, it was
expected that high number of covalent bonds be
formed (i.e., stable irreversible cross-linking) in both
inter and intra-fibrillar locations, due to the action of
formalin on primary amines of collagen [26].

The increase in the number of covalent bonds was
expected to result in higher failure force. However,
the inverse was observed, suggesting the presence of
competing mechanisms, such as weakening of other
bonds that occurs during formalin preservation. There
is no literature available on weakening of bonds in the
presence of formalin as well as on the location of for-
malin-induced cross-links in the 3D structure of colla-
gen molecule and fibrils. Detailed investigations into
the above-mentioned phenomena are out of the cur-
rent scope of the proposed study and shall be taken up
in the future. Furthermore, the chemistry behind the
formalin reaction with proteoglycan matrix is also not
reported in the literature.

4.2. Effect of freezing samples
on tensile properties

Water crystallization and thawing plays a critical
role in deep frozen samples [28]. In comparison to
other preservation methods, frozen based preservation
is able to reproduce similar or equivalent elongation to
that of fresh samples. Furthermore, the failure force is
relatively higher than formalin-based preservation
method, though lower than the fresh sample. Freezing
of samples results in dehydration of tissue, leading to
partial or total destruction [5]. Collagen fibres and
ground substance are the largest contributors to the
physical behavior of ligament [1]. Wet weight of
ligament contains 60–80% of water, a major constitu-
ent of both collagen fibres and ground substance.

Ground substance provides spacing and lubrication
that helps in sliding of fibres. Ground substance is
also attributed to the viscoelastic behavior of liga-
ment. The properties of the collagen fibres and ground
substance are severely affected by dehydration.
Hence, samples preserved in deep freezer display low
failure force in our experiments.

Summing up, both preservation techniques of stor-
age in formalin and freezing has affected the physical
structure of the tissue that, in turn, is well reflected in
the biomechanical properties. This is the first study to
compare the effect of preservation methods to fresh
cadaveric ACL/ FATC samples during tensile testing.
Fresh samples display higher tensile properties than
preserved samples in our experiments. Formalin pres-
ervation is known to cross-link the protein further. But
the interaction of formalin with proteoglycan matrix is
not known. Freezing of samples results in dehydration
of contents of tissue, leading to partial or total de-
struction.

4.3. Limitations of the study

In the current study, the strength along the longi-
tudinal axis was examined, as a first level characteri-
zation. In real life situations, human ACL fails in the
combined loading for majority of the times, such as
flexed knee with inward rotation and load acting in
the anterior-posterior direction [12], [13], [24]. In
future, studies to exactly replicate ACL failures sce-
nario shall be conducted.

5. Conclusions

This work reports and analyzes the effect of pres-
ervation methods of human cadaveric FATC on its
biomechanical properties via tensile testing. Preserva-
tion in 10% formalin and deep freezing at –20 C were
the methods used for storing samples in this study. The
samples were obtained from soft embalmed and fresh
cadavers (control). Failure force, failure elongation
and failure strain have been observed to significantly
vary between the preservation methods studied.
Higher elongation values were observed for fresh and
deep frozen samples. Failure force of fresh samples
was the highest. Failure stress, Young’s modulus and
volumetric strain energy were not observed to vary
significantly across preservation methods used in this
study. Failure at femoral insertion sites was found to
be high in preserved samples while in the case of fresh
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samples no failure at femoral insertion site was ob-
served.
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Supplementary information

S1. Protocol for sample extraction,
preparation, and preservation

The protocol for sample extraction, preparation,
preservation has been given in Fig. S1.

The anatomy act of 1959 (Indian government),
allows usage of human dead body for teaching and
research activities when (i) death happens in a state-
run government hospital or in a public place within
the prescribed zone of the hospital or (ii) police had
clarified that the body is unclaimed (declared after
48 hours) (19). In addition, volunteers donate their
bodies through voluntary body donation program. The
medical institute has the rights to deny a body for use
in education and research due to any of the following
reasons (i) cause of death (suicide, homicide or due to

Fig. S1. Protocol followed for sample extraction, preparation, preservation and testing
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contagious disease) (ii) autopsied bodies (iii) extremely
thin or obese donors (iv) decomposed cadavers (v)
removal of organs and tissues except for the eyes. The
cadavers are tested for the risk of any contagious disease
like Human Immunodeficiency Virus/AIDS, syphilis,
Hepatitis B, C, active tuberculosis, spore-bearing or-
ganisms like Clostridium tetani, etc. The donors in-
fected with any of the above diseases are rejected due
to the risk involved in handling them [S1].

S2. Soft embalming
of cadavers

Once donation is made, the medical institute either
embalm the body immediately or preserve it in freezer.
Embalmed bodies are preserved in formalin tank for
long-term use of the bodies for teaching purposes.
Soft embalmed bodies are preserved in freezer or for-
malin tank with modified solution.

Owing to the legal, ethical and cultural constraints,
acquiring human samples immediately after death is
impractical in the country of the study. The cadavers
used in the experiments in the forthcoming chapters are
soft embalmed. The embalming fluid (about 9 litres
– composition of fluid is given in Table S1) is injected
into the vascular system of the cadaver through femo-
ral/carotid artery for 3 hours. Centrifugal pump is
used for injecting embalming fluid. Blood is not
drained out through vein. Blood is absorbed by the
surrounding tissue when the artery is pumped with
embalming fluid. Arterial embalming is the major
embalming procedure followed. In autopsied bodies
(medico-legal cases), cavity embalming is performed
in addition to arterial embalming.

In this study, Thiel’s solution was used for the soft
embalming of 6 cadavers. Information on the compo-
sition of Thiel embalming solution is provided in Ta-
ble S1 [S8, S14]. This embalming solution (solution A
and solution B) was circulated in the deceased body
through the femoral or coronal artery with the use of
a pump. Embalmed cadavers were stored in the
freezer at minus 40 C [S16]. Perfusion of embalming
fluid into the knee cavity and the cruciate ligaments
was minimal as the synovial cavity is avascular.
Formaldehyde has been in practice recently as it
does not stain the tissues. However, it is a carcino-
genic compound (under group 1, according to the
international agency for research on cancer) and hence,
merely 2 to 4% formaldehyde was used [S5, S6].
Thiel-based embalming methods make the tissue softer,
whereas formalin based embalming method makes the
tissue stiffer [S3].

Table S1. Composition of Thiel Injection solution

Solution A Solution B
Boric acid 250 g 4-chloro-3-cresol 500 g
Sodium Sulphite 700 g Ethandiol 500 ml
Ammonium Nitrate 1680 g
Potassium Nitrate 420 g
Ethandiol 2500 ml
Spirit 1000 ml
Morpholine 140 ml
Hot water 8580 ml
Formalin 280 ml

S3. Chemistry of formalin
with ligament tissue

Formalin penetrates the tissues in order to preserve
them. With a molecular weight of 30, formaldehyde is
expected to diffuse into tissue at a faster rate. Diffusion
of formaldehyde into tissue follows Fick’s law (20). The
diffusion is directly proportional to temperature, con-
centration and the square of time. Formaldehyde
penetrates the tissue quickly but takes longer time for
fixation. In aqueous solution, formaldehyde gets hy-
drated to form methylene glycol [S12].

CH2O (Formaldehyde) + H2O

  CH2(OH)2 (Methylene Glycol)

In aqueous solution, the forward rate (rate of for-
mation of methylene glycol or formaldehyde mono-
hydrate) is higher. When a tissue is immersed in for-
malin solution, large quantity of methylene glycol and
small quantity of formaldehyde penetrates the tissues.
When the penetrated formaldehyde is used up by the
tissue for cross-linking, more formaldehyde is pro-
duced from dissociation of methylene glycol (rate of
formation of formaldehyde increases). Hence fixation
takes longer time.

The first step in the reaction of formaldehyde with
tissue occurs at a faster rate. Permanent fixation is ex-
tremely slow at moderate conditions (25 C and pH 7).
Reactions rates are constant in the pH range 3 to 8.
Above pH 8 the reaction rate decreases. The process
of permanent fixation may take even weeks to com-
plete.

Formaldehyde (or methanal) is the simplest of the
aldehydes that react with amine groups present in
proteins [S13]. Proteins are made of one or more lin-
ear chains of amino acids [S7]. These linear chains of
amino acids are also termed as polypeptide chains.
Formaldehyde reacts with proteins in the following
steps.

FR

RR
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Step 1:

R-NH2 (protein) + CH2O (formaldehyde)

          R-NH-CH2-OH

The methylol compound formed at the end of step 1
is highly reactive. It condenses with other similar-
ly formed methylol compounds to form methylene
bridges.

Step 2:

R-NH-CH2-OH + NH2-CO-R

            R-NH-CH2-NH-CO-R (methylene bridges)

+ H2O

These methylene bridges cross-link between 2 poly-
mer chains [S10, S15]. Step 1 is the initial reversible
stage while step 2 is an irreversible stage wherein
stable, permanent endpoint fixation occurs due to the
formation of a high number of covalent bonds. Con-
trary to the fact that formation of large number of cova-
lent bonds due to formalin, the formalin-preserved tis-
sues should require larger failure force. This fact needs
an in-depth analysis into the type of bonds created due
to formalin as well as dehydration-hydration effects of
formalin on the tissues and the bones.

Initial cross-links are formed within 24 hours to
48 hours while the stable covalent linkages take around
30 days [S17]. Inter and intra-molecular cross-links are
formed in the case of irreversible permanent fixation.
Permanent fixation results in dehydration, resistance
to microbes, enzymes and other chemicals, insolubili-
zation, hydrophobicity and trapping of macro-mole-
cules in the matrix of cross-linked proteins. Elasticity
is partially lost but less extreme than in the case of
other fixing methods (radiation, heat, acids, etc.) [S2].

The effect of embalming on tissues
Human body structures are made of protein

molecules. Embalming forms numerous cross-links
between protein molecules. This cross-linked protein
cannot serve as food/substrate for bacteria and en-
zymes. Proteins have many reactive centres in them.
These reactive centres are destroyed by the em-
balming process. The proteins lose their ability to
hold water after embalming and become dry. Pre-
servatives and germicides used in the process of em-
balming also react with the enzymes (bacterial en-
zymes and autolytic enzyme produced by body
cells). Enzymes are protein molecules. Thus em-
balming preserves cadaver by acting on (i) protein
molecules of cadaver by cross-linking them and

making them rigid and inert to the action of enzymes
(ii) bacterial enzymes and autolytic enzymes [S13].

S4. Ligament hierarchy

Fratzl and Weinkamer has provided a detailed
description of tendon/ligament hierarchy [S9]. Only
a brief note is provided here. Ligaments are made up
of cells (fibroblasts) and extracellular matrix. Colla-
gen fibres and ground substance constitute the extra-
cellular matrix. Ground substance consists of adhesion
proteins, polysaccharides and proteoglycans. Adhe-
sion proteins such as fibronectin bind collagen fibres
and cells to ground substance. Polysaccharides present
in ligaments are known as glycosaminoglycans (GAG).
The polysaccharides associated with protein molecules
are known as proteoglycans [S18]. Proteoglycans are
hydrophilic and have the ability to form a hydrated
gel-like network. Above a critical value of shear
stress, they tend to flow like a fluid [S9]. Collagen
molecule is a helical structure with length of 300 nm
and diameter of 1.3 nm. The molecules are arranged
into fibrils (with parallel staggering of 67 nm). The
fibrils show the presence of gap and overlap regions.
Few collagen molecules make up one fibril. The di-
ameter of fibrils is 50–500 nm. The molecules are held
together by intra-fibrillar cross-links (covalent bonds).
The proteoglycan-rich matrix between the fibrils forms
the framework which provides support to the system
[S9]. Numerous parallel fibrils embedded in a proteo-
glycan matrix forms a fascicle. The diameter of fascicle
is 50 to 300 µm. A bundle of fascicle forms ligament.

When formalin reacts with ligament tissues, cross-
links (additional to the natural cross-links present
between the collagen molecules) are formed between
the collagen molecules. The length of the cross-links
formed between the collagen molecules is 0.23 to 0.
27 nm (spacer arm length of formaldehyde molecule)
[S11] and occurs between neighboring molecules [S4].
No literature on the location of formalin-induced cross-
links in the 3D structure of collagen molecule and fibrils
is available. In our work, the tensile strength was ob-
served to decrease in samples preserved in formalin. The
chemistry behind the formalin reaction with proteogly-
can matrix is also not reported in the literature.

S5. Statistical results

The statistical results of group-wise comparisons
are provided in the Tables S2–S4 for failure force,
failure elongation and failure strain.
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Table S2. p value for failure force
between different methods

of preservation by Mann–Whitney U-test

A B C
A N.A
B 0.038 N.A
C 0.038 0.902 N.A

Table S3. p value for failure elongation
between different methods

of preservation by Mann–Whitney U-test

A B C
A N.A

B
0

0.128.
128

N.A

C 0.710 0.011 N.A

Table S4. p value for failure strain
between different methods

of preservation by Mann–Whitney U-test

A B C
A N.A
B 0.45656 N.A
C 0.073 0.007 N.A
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