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Abstract
Collagen-based scaffolds are extensively used in biomaterials and tissue engineering applications. These scaffolds have
shown great biocompatibility and versatility, but their relatively low mechanical properties may limit use in orthopaedic
load-bearing applications. Moreover, terminal sterilization with gamma irradiation, as is commonly performed with
commercial devices, presents concerns over structural integrity and enzymatic stability. Therefore, the goal of this study was
to test the hypothesis that EDC/NHS cross-linking (10 mM/5 mM) can protect collagen-hyaluronan sponges from the
damaging effects of gamma irradiation. Speciﬁcally, we evaluated compressive and tensile mechanical properties, enzymatic
stability, porosity and pore size, and swelling ratio. Ultimate tensile strength and elastic modulus exhibited increases (168.5
and 245.8%, respectively) following irradiation, and exhibited over tenfold increases (1049.2 and 1270.6%, respectively)
following cross-linking. Irradiation affected pore size (38.4% decrease), but cross-linking prior to irradiation resulted in only
a 17.8% decrease. Cross-linking also showed an offsetting effect on the equilibrium modulus, enzymatic stability, and
swelling ratio of sponges. These results suggest that carbodiimide cross-linking of collagen-hyaluronan sponges can mitigate
the structural damage typically experienced during gamma irradiation, warranting their use in tissue engineering
applications.
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Collagen is one of the most widely used biomaterials for
tissue engineering and regenerative medicine. It can be
fabricated into sponges, hydrogels, ﬁlms, powders, and
tubes, allowing for a wide range of biomaterials applications [1–6]. The porous microstructure of collagen sponges
enables cellular inﬁltration and matrix remodeling [7, 8].
The addition of proteoglycans or glycosaminoglycans [9,
10], such as hyaluronan [11–13], can enhance both scaffold
mechanics and cellular activities, such as migration, proliferation, and even differentiation. While these materials
have demonstrated strong biological potential in
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musculoskeletal applications [1, 2, 14, 15], their relatively
low mechanical properties limit their use in functional
in vivo models [16]. Moreover, terminal sterilization with
gamma irradiation during product manufacturing can further affect the physical properties of these biomaterials,
through either the direct scission of alpha polypeptides or
the presence of free radicals [17, 18]. Improving the properties of collagenous implants, including protection from
sterilization effects, is required for use in any load-bearing
applications.
Cross-linking of these biological sponges provides a
method of improving the mechanical properties by facilitating bonding between collagen molecules [19, 20].
Intermolecular crosslinking can strengthen collagen scaffolds by preventing the sliding of individual collagen ﬁbers,
and can improve enzymatic stability. Various chemical
cross-linkers have been used for collagen, including glutaraldehyde [21, 22], carbodiimide [19, 21, 23], and diamines [23]. Glutaraldehyde offers short crosslinking times
and increased resistance to degradation, but has also shown
cytotoxic effects on cells [5, 21, 24]. This cytotoxic effect
reduces cellular growth in vitro and in vivo due to the
presence of unreacted functional groups or by release of
those groups during enzymatic degradation of cross-linked
biomaterial.
Carbodiimide, mostly 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), has been used more frequently
due to lower cytotoxicity concerns [21]. It increases the
mechanical strength and enzymatic stability of collagen
scaffolds, and cross-linking concentrations can be adjusted
to achieve desired mechanics and porosity [19, 25]. EDCcrosslinking has previously been shown to provide radioprotection of tendon allografts [26]; however, the combinatorial effects of gamma sterilization and EDCcrosslinking on the physical properties of biological
sponges have yet to be fully characterized [20]. We
hypothesized that EDC crosslinking of collagenhyaluronan sponges could counteract the harmful effects
of gamma irradiation on mechanical, enzymatic, and
structural properties.

2.1 Sponge preparation
The sponge preparation was adapted from a previous study
[4]. Bovine Achilles tendon collagen (Worthington Biochemical Corporation, Lakewood NJ) was ground into a
powder with particle size < 425 µm. Sodium hyaluronate
(Acros Organics, Thermo Fisher Scientiﬁc, Waltham MA)
was dissolved (0.25 g/L) in dilute hydrochloric acid (HCl,
pH 2.35). Collagen was swollen in the acid solution (20 g/
L) to form a 2% w/v dispersion, degassed under vacuum,
and poured into petri dishes approximately 6 mm in thickness. The dispersion was frozen via ethanol-dry ice bath for
20 min, and lyophilized at −50 °C and 0.06 mbar (FreeZone
1, Labconco, Kansas City MO) for 24 h. Collagenhyaluronan sponges were utilized due to their common
use in biomaterials applications [12, 13].
Sponges in the XL and XL + IR groups were crosslinked in solution containing 10 mM EDC and 5 mM Nhydroxysuccinimide (NHS) for 6 h (200 mL solution/1 g
collagen). Sponges were subjected to three 10-minute rinses
in DI H2O, one 2-h rinse in 100 mM sodium phosphate
(Na2HPO4), and one 24-h DI H2O rinse. Sponges were
frozen again via ethanol-dry ice bath and lyophilized.
Sponges in the IR and XL + IR groups were gamma irradiated at 25 kGy (Sterigenics, Rockaway NJ) at room
temperature.

2.2 Conﬁned compression
Samples were tested in conﬁned compressive creep, as is
commonly done with musculoskeletal load-bearing tissues
[27, 28]. From sponges in all groups, 4 mm-diameter plugs
were excised using a biopsy punch (n = 10 per group). Each
plug was hydrated in phosphate buffered saline (PBS) for at
least 30 min and loaded into a custom 4 mm-chamber with a
unidirectional metal ﬂuid ﬂow ﬁlter (Fig 1a). Each sample
was preloaded to 0.05 N, and loaded at 0.5 N compression
for 3600 s using a uniaxial mechanical testing machine

2 Methods
In this study, four different groups of collagen-hyaluronan
sponges were fabricated: Control (untreated), Irradiated
(IR), Cross-linked (XL), and Cross-linked Irradiated (XL +
IR). The sponges were evaluated mechanically with conﬁned compression and ultimate tensile testing. Enzymatic
stability was tested with a bacterial collagenase degradation
assay. Structural properties were evaluated by measuring
swelling ratio, pore size, and porosity.

Fig. 1 a Conﬁned compression testing apparatus with 4 mm indenter,
4 mm chamber with porous metal ﬁlter for unidirectional ﬂuid ﬂow. b
Ultimate tensile testing apparatus using Bose screw clamps
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(Instron #5542, Instron Corporation, Norwood MA). The
equilibrium modulus was calculated based on equilibrium
stress (0.5 N/4πmm2 = 0.040 MPa), displacement, and
initial height at preloading.
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account for sectioning angles that did not encompass the
maximal cross-section of each pore [29, 30]. The resultant
major and minor axes were averaged to obtain a mean
intercept length, which was averaged for each image to
obtain an average pore size.

2.3 Swelling ratio and ultimate tensile testing
2.6 Porosity
Tensile testing samples (width: 5 ± 1 mm, length: ≥40 mm)
were excised from sponges. Sample dimensions were
measured in three locations along its length to determine
average width and thickness using a laser micrometer
(Model 1202B, Z-Mike, Dayton OH). The samples were
weighed before and after hydration in PBS. The swelling
ratio was calculated as the mass of the hydrated sponge
divided by that of the dry sponge. After hydration, samples
were loaded into screw clamps (Bose, Eden Prairie MN)
with a gauge length of 20 mm (Fig. 1b), and strained at a
rate of 5 mm/min to failure. Samples that slipped from or
broke within the clamps were omitted and replaced to
obtain n = 9 per group. From the load-displacement curve
and measured dimensions, ultimate tensile strength (UTS)
and elastic modulus (EM) were calculated in MATLAB.

Porosity was determined using an ethanol inﬁltration assay.
Four-mm diameter biopsy punches were excised from
sponges (n = 9 per group). Plugs were dried under vacuum,
weighed (mdry), and measured for height using Vernier
calipers. Then, plugs were submerged in 100% ethanol for
60 min under gentle agitation. Wet plugs were superﬁcially
dried and weighed (mwet). Pore volume was found by subtracting the dry weight from wet weight, and dividing by the
density of ethanol (ρethanol = 0.789 g/mL). Porosity (ϕsponge)
was then calculated (Eq. 1) by dividing the pore volume by
the total volume (V = πr2h).
Φsponge ¼ ðmwet  mdry Þ=ðρethanol  πr2 hÞ

ð1Þ

2.4 Enzymatic stability

2.7 Statistical analysis

Enzymatic stability was tested with an in vitro collagenase
resistance test. Collagen samples were cut to a mass of 2.0
± 0.3 mg (n = 9 per group). Samples were incubated to 37 °
C in 1 × Tris buffer (0.5 mL/1 mg sponge) before testing.
Following incubation, a 500 U/mL bacterial collagenase
solution (Clostridium histolyticum, Sigma-Aldrich, St.
Louis MO) was added to each sample (0.5 mL/1 mg
sponge), giving a ﬁnal 250 U/mL solution. Samples were
incubated at 37 °C and assessed visually every 10 min with
a semi-quantitative scale from 0 to 5, with 0 representing
total dissolution and 5 representing a fully-intact sample.
Samples were randomized and graded blindly. The enzymatic degradation proﬁle and time to dissolution were
obtained.

The equilibrium compressive modulus, ultimate tensile
strength, elastic tensile modulus, swelling ratio, time to
dissolution, and porosity of the four groups were compared
using a two-way analysis of variance (p < 0.05) to measure
the effects of cross-linking, irradiation, and their interactions. A post-hoc Bonferroni correction (p < 0.05) was used
to determine statistical differences between groups. Pore
size was compared using a two-way Friedman’s test (p <
0.05) due to a non-normal distribution. All statistical analyses were performed in Stata 14 statistical software (StataCorp, College Station TX).

2.5 Pore size via scanning electron microscopy (SEM)

3.1 Sponge preparation

Sponges from all four groups were sectioned to obtain pore
structure from an interior surface to eliminate any edge
effects during fabrication. Samples were sputter coated in
gold and imaged at 100× magniﬁcation on a ﬁeld emission
SEM (Carl Zeiss Microscopy, Thornwood NY) at the
Department of Materials Science and Engineering (Rutgers
University, Piscataway NJ). Thirteen images from each
group were converted to binary by applying an adaptive
thresholding algorithm. The major and minor axis of each
ellipsoidal pore were calculated using a custom MATLAB
script, and the axes were multiplied by a factor of 1.5 to

At least two sponges (1 g each) were fabricated per group.
For each test, samples were taken from all sponges within
each group. No observable or statistical differences occurred between sponges of the same group. Any variability in
sponge height was accounted for in the assays by using
material properties.

3 Results

3.2 Conﬁned compression
Equilibrium modulus was signiﬁcantly inﬂuenced by
crosslinking (p = 0.0192) but not by irradiation (p =
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Fig. 2 Equilibrium modulus of the four groups with No IR or IR, and
No XL or XL (n = 10 per group). IR = irradiation, XL = cross-link.
Mean ± standard deviation

Fig. 4 Ultimate tensile properties of all sponges (n = 9 per group). a
Ultimate tensile strength and b elastic modulus. IR = irradiation, XL
= cross-link. Mean ± standard deviation. * denotes statistically signiﬁcant difference (p < 0.05). ** denotes highly statistically signiﬁcant
difference (p < 0.001)
Fig. 3 Swelling ratio (wet weight/dry weight) of all sponges (n = 9 per
group). IR = irradiation, XL = cross-link. Mean ± standard deviation.
* denotes statistically signiﬁcant difference (p < 0.05), ** denotes
highly statistically signiﬁcant difference (p < 0.001)

0.1382). XL sponges (56.62 ± 9.64 kPa) exhibited a modulus 13.4% greater than control sponges (49.91 ± 6.20 kPa).
Irradiation of control sponges led to only a 4.05% decrease
in equilibrium modulus, with XL + IR sponges showing a
similar decrease from XL sponges (Fig. 2).

3.3 Swelling ratio and ultimate tensile testing
Both crosslinking and irradiation had a highly signiﬁcant
inﬂuence on swelling ratio (p < 0.001). IR sponges (40.36 ±
1.67) experienced more swelling than control sponges
(32.55 ± 0.58). However, irradiation did not alter the swelling ratio of cross-linked sponges (p = 0.257), with both
cross-linked groups experiencing signiﬁcant decreases in
swelling ratio from their respective non-cross-linked group
(Fig. 3).
Irradiation had a positive inﬂuence (p < 0.05) on ultimate
tensile strength (1.68-fold increase) and elastic modulus
(2.46-fold increase). Cross-linked sponges exhibited a 10.49
and 12.71-fold increase over control sponges in ultimate
tensile strength and elastic modulus, respectively (p <
0.001). Irradiating the cross-linked sponges provided an

additional 37.3 and 42.3% increase in each parameter.
Overall, the XL + IR sponges (UTS: 286.2 ± 82.0 kPa, EM:
64.5 ± 14.3 kPa) displayed a highly signiﬁcant improvement
over control sponges (UTS: 14.7 ± 5.3 kPa, EM: 4.09 ±
0.97 kPa), showing additive effects from cross-linking and
irradiation (Fig. 4).

3.4 Enzymatic stability
The enzymatic degradation proﬁle of sponges showed
effects of cross-linking and irradiation (Fig. 5). Control
sponges experienced complete dissolution in 92 ± 13 min;
IR sponges (81 ± 3 min) displayed a more rapid dissolution
proﬁle (Fig 5a). Cross-linking drastically elongated (p <
0.001) the dissolution of sponges, both in terms of the
overall proﬁle and with regards to the time to dissolution
(173 ± 18 min). The XL + IR group experienced a proﬁle
between that of control and XL sponges, with a dissolution
time of 137 ± 22 min.

3.5 Pore size via SEM
Crosslinking had a minimal effect on pore size (p =
0.1362), with only a 0.95% decrease from control to XL
sponges. However, irradiation signiﬁcantly reduced pore
size (p = 0.0099), with IR sponges having an average pore
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Fig. 5 Enzymatic stability results. a Dissolution proﬁle measured
every 10 min, and b Time to dissolution (minutes) for sponges from all
groups (n = 9 per group). IR = irradiation, XL = cross-link. Mean ±
standard deviation. ** denotes highly statistically signiﬁcant difference
(p < 0.001)

size 38.4% lower than control sponges. On the other hand,
XL + IR sponges only experienced a 17.8% decrease from
their XL counterparts. Characteristic SEM images and the
resulting pore sizes are shown in Figs. 6a, b.

3.6 Porosity
Porosity was highly signiﬁcantly decreased by cross-linking
(p < 0.001), with no statistical inﬂuence by irradiation (p =
0.062). The XL + IR group (85.83 ± 5.83%) had a porosity
that was 3.98% lower (p = 0.374) than that of the XL group
(89.39 ± 3.34%). Both non-cross-linked groups (control, IR)
had porosities greater than 95%. Porosities are shown in Fig
6c.

4 Discussion
Collagen-based scaffolds have been developed for a variety
of load-bearing applications, including total meniscus
reconstruction [31], ACL regeneration [32], and articular
cartilage repair [33]. Collagen sponge-like scaffolds have
demonstrated great potential and versatility; the sponges in
this study were made in Petri dishes, but the collagenhyaluronan dispersion could be injected into a variety of
shapes and sizes. Regardless of the application, terminal

Fig. 6 a Representative scanning electron micrographs of sponges
from all four groups. Scale bar represents 200 µm. b Average pore size
(µm) of all groups (n = 13 per group) as box-and-whisker plot.
Whiskers represent minimum and maximum, box represents 25 and
75th percentile, X represents mean, horizontal line represents median.
c Porosity (%) of all groups (n = 9 per group). IR = irradiation, XL =
cross-link, Mean ± standard deviation. * denotes statistically signiﬁcant difference (p < 0.05). ** denotes highly statistically signiﬁcant
difference (p < 0.001)

sterilization is often required to guarantee scaffold safety.
Gamma irradiation has been shown to provide sufﬁcient
sterilization by damaging nucleic acids and structural proteins, via direct chain scission and free radical generation.
While these two mechanisms effectively kill bacteria and
viruses within constructs, they also result in physical
changes to collagen macromolecules [17]. Previously,
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Seto et al. showed that irradiation decreased the tensile
mechanics of rabbit Achilles tendon allografts, but that
cross-linking could potentially compensate for radiation
damage [26]. The results of this study showed gamma
irradiation actually improved tensile mechanics, but also
that cross-linking prior to irradiation could counteract
radiation effects on compressive mechanics, enzymatic
stability, and pore size.
The mechanical properties of collagen or ECM-derived
sponges are integral to their function, especially in loadbearing applications. In compression, the control collagenhyaluronan sponges displayed an equilibrium modulus of
49.9 ± 6.2 kPa, comparable to previously established
steady-state values [17]. Cross-linking and irradiation had
minimal effect on the equilibrium modulus, with crosslinking counteracting the slight decrease caused by irradiation. On the other hand, tensile properties of sponges
were signiﬁcantly improved by both cross-linking and
irradiation. The mechanical beneﬁts of EDC-crosslinking
were expected, with greater than 10-fold increases in tensile
properties, consistent with the literature [19, 21, 34]. Irradiation also improved tensile properties of collagen sponges, but to a lesser extent than crosslinking (i.e., 246%
increase in elastic modulus). Mazor et al. found a similar
(250%) increase in modulus with irradiation of a collagenous wound dressing [35], attributing the increase to
crosslinks that form during irradiation. The differences in
mechanical outcomes with regards to compression and
tension likely result from the ability of these newly formed
crosslinks to resist being pulled apart, but inability to keep
pores from collapsing during compression.
Previous studies have shown that gamma irradiation
decreases the tensile mechanics of tendon allografts [26,
36]. The differences between the response of sponges and
tendon allografts to irradiation can be attributed to the differences in cross-linking density prior to sterilization.
During irradiation, biological materials experience both
degradation and cross-link formation. Tendon is already a
highly cross-linked tissue, meaning relatively few crosslinks are added during irradiation, and that considerably
more degradation occurs. On the other hand, the collagen
sponges are substantially less cross-linked than tendons,
resulting in signiﬁcantly more cross-linking than degradation, and ultimately an increase in tensile properties [37].
Thus, mechanically, cross-linking of sponges was able to
counteract the effects of irradiation on compressive properties, and further build upon the tensile improvements.
The effects of chain scission and formation of additional
cross-links during irradiation were also observed with
regards to sponge porosity. The control sponges in this
study displayed pore size [38] and porosity [21, 39] consistent with the literature. The chain scission and cross-link
formation during irradiation likely caused the large porous

structures to break apart and form smaller pores [18],
explaining the signiﬁcant reduction in pore size in irradiated
sponges. EDC cross-linking prior to irradiation diminished
these changes, providing some mediation to the effects of
irradiation. Other studies have shown that EDC or glutaraldehyde cross-linking can in fact increase pore size [34,
39], due to the development of a more organized lattice
structure. In this study, cross-linking did reduce the porosity
of scaffolds, likely due to this more-organized structure.
The reduction in porosity also explains the lower swelling
ratio in cross-linked groups, both due to more empty space
within the sponges and due to less binding sites for water.
With a porosity above 85% and average pore size of near
100 µ, the XL + IR sponges can still allow for adequate
cellular inﬁltration and tissue remodeling.
In addition to offsetting or even improving the
mechanical and structural properties described, another
integral parameter was enzymatic stability. As anticipated
[18], gamma irradiation decreased the enzymatic stability of
the collagen sponges in this study, indicating that while
cross-links form during irradiation, the overall cleavage of
peptide bonds leaves the sponges more susceptible to
degradation. On the other hand, EDC cross-linking has been
shown to stabilize the enzymatic degradation proﬁle [7, 34],
almost doubling time to dissolution in this study. XL + IR
sponges exhibited a degradation proﬁle and time to dissolution approximately halfway between control and XL
sponges, indicating that EDC cross-linking provides a
degree of stability through irradiation by either reducing
peptide cleavage during irradiation or by simply providing
additional crosslinks.
This study was not without its limitations. First, sponges
were fabricated in Petri dishes, allowing for potential edge
effects with regards to freezing rates and lyophilization. In
order to minimize this effect, we took samples from different sponges from the same relative location. Additionally, even though all sponges were frozen via ethanol-dry
ice bath, freezing rates and the resulting porosity of the
sponges may have exhibited some variability.
Lastly, this study did not investigate molecular or biological properties, in order to place an emphasis on the
biomaterial’s physical properties. Previous studies have
shown that FTIR of EDC-cross-linked collagen sponges
have shown a decrease in the amide II band, indicating a
reduction in free NH2 groups during cross-linking [21].
However, these molecular changes were not as drastic as
those observed during glutaraldehyde cross-linking. Moreover, gamma irradiation has also shown a decrease in the
amide II band, likely due to decay of the amide groups [40].
With regards to cellular properties, EDC-crosslinking has
shown maintenance of cell viability [34], especially compared to glutaraldehyde crosslinking [21]. However, gamma
irradiation has shown dose-dependent detrimental effects to
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cellular properties of these biomaterials [18, 40]. Future
studies should aim to characterize the combinatorial effects
of cross-linking and irradiation on the chemistry and biology of the sponges.
Overall, this study showed that EDC-crosslinking provided substantial improvements to the physical properties of
collagen-hyaluronan sponges, especially with regards to
offsetting the damage caused by gamma irradiation. Crosslinking speciﬁcally counteracted the damaging effects of
irradiation on equilibrium modulus, swelling ratio, enzymatic stability, and pore size. The results of this study
warrant the use of cross-linked, gamma-sterilized biological
sponges for tissue engineering applications.
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