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ARTICLE INFO ABSTRACT

Keywords: The optimization of collagen-based scaffolds for tissue engineering goes through the careful selection of the
Collagen crosslinking method(s), which should impart the prerequisite mechanical and degradation properties without
Scaff‘ﬁdk_ impairing the cell/tissue response. Here, we investigated the chemically effective (pxch) and the elastically
Cross g - effective (pgel) crosslink density of collagen-based scaffolds, induced by various crosslinking methods. The aim
Crosslink density . . . . . .

Degradation was to get a deeper insight into the influence of intramolecular and intermolecular crosslinks on several scaffold

properties. Freeze-dried collagen matrices were crosslinked via a dehydrothermal treatment (DHT), and then
treated with different chemical agents, including carbodiimide (EDC), glutaraldehyde (GTA), formaldehyde (FA),
genipin (GP) and dimethyl suberimidate (DMS). Quantification of primary amines and stress-relaxation
compressive tests were performed to evaluate pxep and pyel, respectively. Scaffolds were then assessed for their
water uptake, thermal stability and in vitro resistance to enzymatic degradation. Interestingly, for the various
crosslinking treatments pycp, was found to increase in the order DHT < DHT + GP < DHT + DMS < DHT + GTA <
DHT + FA < DHT + EDC, while pye| increased according to this slightly different trend: DHT < DHT + GP < DHT
+ DMS < DHT + EDC < DHT + GTA < DHT + FA. Indeed, treatment DHT + EDC induced a higher pych but a
lower pyl than aldehyde-based ones. This finding, together with the higher denaturation temperature (Tq) of
EDC-treated samples compared to others, suggested that zero-length EDC crosslinking promoted intramolecular
crosslinks, along with intermolecular ones. Accordingly, the increase of Tq was correlated with the increase of
pxch rather than pyel, whereas the decrease in water uptake was consistent with the increase of pyel, as expected.
An exponential relationship between pye and the in vitro half-life was also determined.

1. Introduction

As a major component of the extracellular matrix (ECM), collagen is
an attractive biomaterial for use in tissue engineering and regenerative
medicine, due to its excellent biocompatibility, low antigenicity and the
presence of cell-instructive cues that elicit cell-material interactions
[1-3]. Potential drawbacks of collagen, such as low mechanical stiffness
and poor resistance to enzymatic degradation, can be limited or over-
come by the use of various crosslinking treatments [4-6]. The estab-
lishment of covalent bonds among the collagen molecules, obtained by
physical, chemical and/or enzyme-based crosslinking [7-10], is known
to yield higher mechanical stiffness and slower degradation in biological
fluids. In addition to the indirect effects of these crosslinking-related
scaffold properties on the cell behavior [6,11], crosslinking may also
directly impair or alter the cellular response, due to the potential
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masking of specific collagen sites involved in cell-material interactions
(e.g., carboxylate anions typically found on glutamate or aspartate res-
idues that are known to bind to relevant integrin cell surface receptors)
[12,13]. As an example, the carbodiimide-based (EDC) crosslinking,
which involves the formation of ‘zero-length’ amide bonds between free
amine and free carboxylate groups of collagen, has been recently shown
to reduce the cellular attachment and spreading to collagen-based films
[12,14,15]. In cases where a chemical crosslinker is incorporated within
the collagen network, the affinity of the cells to the collagenous sub-
strate may be further reduced or altered by the presence of the cross-
linker itself [4,7]. More in general, the in vivo host response to
collagen-based devices is greatly dependent on the crosslinking treat-
ment used and the extent of achieved crosslinking [16]. In particular,
chemical crosslinking methods have been reported to alter the physio-
logical wound healing process, with enhanced pro-inflammatory effects
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associated to heavily crosslinked devices [16,17].

Since no gold standard crosslinking method exists, the quantification
of the achieved extent of crosslinking, along with the evaluation of the
scaffold properties as well as the assessment of the biological response,
appear pivotal to the optimization of collagen-based devices for specific
applications. The crosslink density (px) is generally defined as the
number of crosslinked chains per unit volume of the polymer network.
According to the classical theory of rubber elasticity [18], the elastic
response of the network to deformation is dependent on the elastically
effective crosslink density (pgel), i.e. the number of elastically active
crosslinked chains per unit volume. Therefore, pye accounts for the
intermolecular crosslinks that are active in deformation and can be
estimated from mechanical tests [4,19]. Conversely, the chemically
effective crosslink density (pxch) takes into account the total number of
chains that are engaged in chemical crosslinks, including both of
intramolecular and intermolecular crosslinks. As such, pgch is generally
evaluated by measuring the residual number of free amines [20] or free
carboxylic groups [21] achieved upon crosslinking (which may be also
an indicator of the potential reduction of cell-binding sites discussed
above).

Although pye and pxch provide complementary information on the
effects of a given crosslinking treatment on the properties of collagen-
based scaffolds, the quantification of both parameters is not routinely
performed. Most studies on collagen crosslinking assess either pxch Or pxel
[4,14,22,23], while others focus on a qualitative assessment of the
crosslink density based on some indirect measurements, such as the
evaluation of the mechanical stiffness and/or the denaturation tem-
perature [6,16,24].

The aim of this study was to explore the influence of both pycp and pgel
on several physicochemical properties of collagen-based scaffolds. To
this purpose, freeze-dried collagen scaffolds were crosslinked via mul-
tiple treatments that are commonly used in the literature and involve
free amine groups in the formation of crosslinks [4,7,22,25]. These
treatments included a dehydrothermal treatment (DHT) and then the
further use, right after the DHT, of several chemical crosslinkers in
aqueous solutions, for a fixed reaction time: carbodiimide (EDC),
glutaraldehyde (GTA), formaldehyde (FA), genipin (GP) and dimethyl
suberimidate (DMS).

The scaffolds were first characterized to assess the residual number
of free primary amines, as in index of the amount of chemical bonds
formed during crosslinking, ie. as an index of pych. The underlying
assumption was that all of the crosslinking bonds involved the reaction
of free amine groups, thus neglecting the contribution of other potential
crosslinks (e.g. ester bonds [19]). Then, multiple compressive
stress-relaxation tests allowed the determination of pge based on the
rubber elasticity theory, together with the evaluation of the scaffold
stiffness. Water uptake, thermal stability (denaturation and degradation
temperatures) and in vitro enzymatic degradation were also investigated,
with the aim of finding potential relationships between the crosslink
density (either pyen Or pxe) and the assessed properties.

2. Experimental
2.1. Materials

Type I collagen isolated from bovine dermis was supplied by Syma-
tese Biomateriaux (Chaponost, France). All analytical grade chemicals,
collagenase and the bicinchoninic acid (BCA) assay kit were purchased
from Sigma Aldrich (Milan, Italy) and used as received, unless otherwise
noted. Distilled water was obtained from a Millipore Milli-U10 water
purification facility.

2.2. Scaffold preparation

An aqueous suspension of 3% w/v collagen was prepared by slowly
hydrating dry collagen flakes in distilled water under magnetic stirring,
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for 5-6 h. The temperature of the suspension was controlled and kept
below 10 °C throughout the stirring, in order to prevent the protein
denaturation. At the end, the suspension was degassed via centrifugation
(6000 rpm, 5 min, 4 °C) to remove air bubbles. Finally, porous collagen
membranes, having a thickness of about 5 mm, were obtained by casting
35 mL of the collagen suspension into a 10 cm Petri dish and further
freeze-drying (Virtis Advantage lyophilizer), according to a previously
optimized protocol [26].

2.3. Crosslinking treatments

Collagen membranes were subjected to a total of six crosslinking
methods to modulate their physicochemical properties, as detailed in
the following. Crosslinking methods were selected among those
commonly reported in the literature [4,7,22,25], with slight
modifications.

Dehydrothermal crosslinking. A dehydrothermal treatment (DHT)
was firstly performed, in order to confer the collagen membranes with
suitable mechanical and handling properties for further processing. The
DHT is a physical zero-length crosslinking method known to induce the
formation of amide bonds between carboxyl and amine groups, as well
as ester bonds between carboxyl and hydroxyl groups, via condensation
reactions [5]. The DHT was here performed by heating the collagen
membranes in a vacuum oven (p < 100 mTorr) at 120 °C for 72 h, as
previously described [19]. Following the treatment, multiple samples
were cut from the membranes through a biopsy punch (8 mm) and then
used for subsequent crosslinking and/or characterization.

Crosslinking with aldehydes (GTA and FA). Aldehydes such as GTA
and FA are well known to react with collagen amino groups [27].
DHT-treated collagen scaffolds, preliminarily hydrated at 4 °C in PBS for
24 h, were immersed either in a 0.25% v/v GTA aqueous solution or in a
0.4% v/v FA solution at room temperature for 2 h, under gentle stirring
(300 rpm). Right after chemical crosslinking, extensive washings with
distilled water were carried out to remove unreacted chemicals.

Crosslinking with dimethyl suberimidate. DMS, which is reported to
be less cytotoxic than aldehydes [28], forms crosslinks between its
imidoester groups and the free amino groups of collagen, and precisely
with free amino groups separated by a distance equivalent to its mo-
lecular length [4,28]. The crosslinking of collagen scaffolds, previously
hydrated at 4 °C in PBS for 24 h, was here carried out with 1% w/v DMS
in 0.2 M Tris-buffer solution, pH 9.0, at room temperature for 2 h, under
gentle stirring (300 rpm). Samples were then extensively washed in
distilled water.

Crosslinking with carbodiimide. Chemical crosslinking by means of
water soluble EDC was carried out as previously described [7], by
soaking hydrated collagen samples in a 14 mM EDC and 5.5 mM
N-Hydroxysuccinimide (NHS) aqueous solution, at room temperature
for 2 h, under stirring (300 rpm). Whereas NHS is used to enhance the
reaction rate and efficiency [29], EDC mediates the condensation reac-
tion between the carboxylate of one amino acid side chain (i.e. aspartate,
glutamate) with a primary amine on an adjacent amino acid (i.e. lysine)
[15]. As such, EDC crosslinking is a zero-length crosslinking method.

Crosslinking with genipin. GP is an organic compound derived from
the fruit of the gardenia plant (Gardenia jasminoides), which is able to
react with the primary amino groups of collagen [30], by forming
intramolecular and intermolecular crosslinks [22]. GP may bridge
peptide chains by introducing dimeric or oligomeric crosslinks [22,31].
In this work, collagen samples were soaked in a 0.03% w/v GP solution
buffered with PBS, pH 7.4, for 2 h at room temperature, under stirring
(300 rpm).

All of the crosslinked samples were finally stored in PBS at 4 °C for at
least 24 h before further characterization or freeze-dried for longer
storage.
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2.4. Primary amine group content — determination of pxch

The concentration of free primary amine groups (-NHy) in both
crosslinked and non-crosslinked collagen matrices was determined using
a 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay, as previously
described [20]. Briefly, 0.5 mL of a 4% w/v NaHCOj3 solution was added
to a dry sample of each scaffold type (about 2 mg). After 30 min, 0.5 mL
of a freshly prepared solution of 0.05% w/v TNBS was added. The re-
action mixture was heated at 40 °C for 4 h and then 1.5 mL of 6 M HCl
solution was added. The samples were hydrolyzed at 60 °C for 90 min.
Subsequently, the reaction mixture was diluted with 2.5 mL of distilled
water, cooled down to room temperature and the absorbance at 339 nm
read using a UV-visible spectrophotometer (Agilent Cary 5000). The
absorbance was correlated to the concentration of free amines using a
calibration curve obtained with glycine in aqueous NaHCO3 solution
(0.1 mg/mL). Blank samples were prepared with the same procedure
described above, except that HCl was added before the addition of the
TNBS solution. Assessments of free (-NHj) were performed in triplicate.

Assuming that non-crosslinked samples contain 100% of the avail-
able amine groups of collagen, this value was used as a reference to
firstly calculate the percentage of reacted (-NHjy) after a given cross-
linking treatment. Since the chemically effective crosslink density (pxch)
estimates the number of chains engaged in crosslinks, for the subsequent
calculation of pye we took into account the stoichiometric number of
amines involved in each crosslink. Therefore, for crosslinking treatments
that engage only one amine group per crosslink, such as DHT and DHT
+ EDC crosslinking (1:1 amine:crosslink), pxch was calculated according
to the following:

Free Nquncrossl[nked — Free NHzt‘msslmked

= 100 1
Pren Free NH2,,rosstinked ) @

For all the other doubly crosslinked samples, involving both DHT
treatment and the use of chemicals (i.e. GP, DMS, GTA and FA) that bind
two amine groups per crosslink (2:1 amine:crosslink), the equivalent
number of chains engaged in crosslinks was estimated as the sum of: (a)
the number of chains/amines reacted via the preliminary DHT treatment
(assumed constant) and (b) the number of amines reacted with the given
chemical, divided by the stoichiometric ratio 2. Hence, for DHT + GP,
DHT + DMS, DHT + GTA and DHT + FA samples, the equivalent pxch
was calculated as follows:
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crosslinked chains (v), so that pye] can be calculated as:

v, v p
Prel vVTov© E 3
where p is the polymer density, M, is the average molecular weight
between two consecutive crosslinks and V is the volume of the polymer
network.

Making the basic assumptions that the deformation of the chains is
affine and that the volume of the polymer does not change upon uniaxial
deformation (V is constant), Flory [18] derived the following relation-
ship between the uniaxial stress and the uniaxial deformation of a
swollen crosslinked polymer with a rubberlike behavior:

1 1
6=RTp,V}* (a - ;) =G <a - E) @

where ¢ is the stress, R is the universal gas constant, T is the absolute
temperature, Vs is the polymer volume fraction in the swollen state, « =
L/L; is the deformation ratio, with L the actual thickness of the deformed
sample and L; the initial thickness of the sample (« > 1 for elongation
and o < 1 for compression, respectively) and G is the shear modulus of
the swollen polymer. Therefore, the plot of ¢ against the quantity (a-1/
o) is linear, with a slope that defines the shear modulus G and is directly
correlated to the value of pyel.

In the case of collagen, the polymer volume fraction V, can be
calculated as the inverse of the volumetric swelling ratio SR, defined by
the following:

Vet + Viater Mo + Myarer
SR— coll T Viar —132 u + 1

Veotr coll

—-0.32 ()

where 1.32 g/cm? is the density of anhydrous collagen [33].
According to a previously described protocol [28], mechanical tests
were carried out on hydrated collagen matrices using a universal testing
machine (LR5K, Lloyd Instruments, Bognor Regis, UK), equipped with a
10 N load cell, custom-made clamping tools and a bath chamber. Cy-
lindrical matrices (n = 5 for each type) were firstly denatured by placing
them in PBS for 2 min at 80 °C, then mounted on the testing machine and
let to equilibrate in PBS at room temperature for 2 h, before starting the
measurement. Multiple stress relaxation compressive tests were per-
formed, by subjecting the collagen matrices to 4 steps of loading and

Free Nquncm.ssl[nked 2

<FV€€ Nquncro.vxlinkcd — Free NHZDHT + 1 % Free NHZDHT — Free NHzcm:slinkrd
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2.5. Mechanical testing — determination of pyel

Multiple stress relaxation compressive tests were performed on de-
natured collagen membranes, in order to evaluate both the stiffness and
the elastically effective crosslink density, based on the classical theory of
rubber elasticity [18]. Hence, upon hydrothermal denaturation collagen
behaves as a rubberlike material, so as the rubber elasticity theory can
be applied to estimate the value of pye [32].

Briefly, for an ideal, perfect network, the number of elastically
effective chains (ve) corresponds to the total number of chemically

) % 100 @

stress relaxation, under displacement control (5% increased elongation
and 180 s dwelling time at each step).

At the end of the test, samples were gently blotted with soft paper
and weighed, in order to measure their wet mass. After dehydrating in
oven (60 °C) for 4 h, the dry mass of the samples was measured and used
to calculate the collagen volume fraction, as the inverse of the SR
defined in Eq. (5). Finally, pxe] was estimated from Eq. (4).

2.6. Water uptake

The water uptake of the collagen matrices was measured as follows.
Dry matrices (n = 9 for each type) were weighed (M.o1), and then hy-
drated in PBS for 3 h at room temperature. After removing excess water
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with filter paper, wet matrices were weighed (Mcol1 + Mwater)- The ratio
of the weight of the hydrated sample (Mcol1 + Mwater) to that of the dried
sample (M) was used to calculate the volumetric swelling ratio SR,
according to Eq. (5).

2.7. Denaturation and degradation temperatures

Differential scanning calorimetry (DSC Mettler Toledo, DSC1 STARe
System) was employed to evaluate the influence of the crosslinking
treatments on the thermal stability of the collagen scaffolds. The dena-
turation temperature (Tq), at which the triple helix is transformed into a
random coil structure, is known to be affected by the degree of cross-
linking [1,34], similarly to the degradation temperature (Ty;), at which
residual bound water evaporates, other conformational modifications
occur and crosslinks are broken [24]. For the determination of Ty, the
matrices were hydrated at 4 °C overnight in phosphate buffered saline
(PBS), weighed (10-15 mg), introduced into aluminum pans and heated
from 5 °C to 80 °C at a constant heating rate of 5 °C/min, in nitrogen
atmosphere. In order to assess Ty, dry matrices were weighed (10-15
mg), introduced into the aluminum pans and heated from 25 °C to
300 °C at a constant rate of 10 °C/min, in nitrogen atmosphere. The
denaturation and degradation temperatures were measured at the
mid-point of the corresponding endothermic peak. Different sample
types were assessed in triplicate.

2.8. In vitro collagenase degradation

In vitro collagenase digestion experiments were carried out by a
procedure reported earlier [7,26]. Briefly, dry collagen scaffolds of
about 6 mg were accurately weighed, hydrated in PBS and then incu-
bated in 6 mL of PBS with 0.1 mg/mL collagenase (from Clostridium
histolyticum) solution, at 37 °C. At fixed time points (0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4 and 6 h), degradation was stopped by freezing the supernatant
solution at —40 °C. The weight loss (%) of the matrices at a given time
point was evaluated as the amount of collagen solubilized in the incu-
bating solution, measured by means of the BCA assay. Three indepen-
dent measurements were performed at each time point, for each sample
type.

A single exponential decay rule, valid for enzymatic degradation [5],
was then used to fit the weight loss data:

Mf —kt
et 6
M ¢ (6)
where M; is the residual mass of the sample at time t, My is the initial
mass and k is the degradation rate constant. The in vitro half-life of the
device, i.e. the time t; 2 at which M/My = 0.5, was thus calculated by
substituting the corresponding value of M{/Mj in Eq. (6).

2.9. Statistical analysis
Data are expressed as the mean =+ the standard deviation. Analysis of
variance (ANOVA) was applied to determine the effect of the cross-

linking treatment on the number of moles of free primary amine groups,

Table 1
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chemically effective crosslink density, shear modulus, elastically effec-
tive crosslink density, water uptake and denaturation/degradation
temperatures of the tested samples. Fisher’s PLSD tests were also per-
formed to compare individual sets of data. A probability value of 95% (p
< 0.05) was used as the criterion for significance.

3. Results
3.1. Primary amine group content

The reaction of TNBS with the primary amine groups of proteins was
here used to determine the number of free primary amine groups of
crosslinked collagen scaffolds with respect to non-crosslinked ones, in
order to estimate the chemically effective crosslink density pxch achieved
by the different crosslinking treatments. Values of pych from Eq. (1) and
Eq. (2) accounted for the different stoichiometric amine:crosslink ratios
involved in the various crosslinking reactions. In particular, a 1:1 ratio
holds for DHT and DHT + EDC crosslinking (Eq. (1)), while a combi-
nation of 1:1 (DHT) and 2:1 ratios (GP, DMS, GTA and FA) holds for all
the other double crosslinking methods (Eq. (2)). The number of free
primary amine groups per gram of material, before and after each
crosslinking treatment, is reported in Table 1 together with the corre-
sponding values of reacted amines and pxch.

As expected, the crosslinking treatment had a significant impact on
the number of free primary amines (p < 0.0001, power = 1). Physical
DHT treatment was able to induce a moderate decrease (approximately
4%) of the free amine groups of collagen, compared to untreated sam-
ples (p < 0.05). Then, as expected an additional chemical crosslinking
treatment was found to further reduce the number of free primary amine
groups, i.e. to increase the number of reacted amines according to the
following trend: DHT < DHT + GP < DHT + DMS < DHT + EDC < DHT
+ GTA < DHT + FA. However, the number of free amine groups
measured for treatment DHT + GP was not significantly different from
that of DHT only (p = 0.45), while the number of free amines for
treatment DHT + EDC was comparable to treatments DHT + GTA (p =
0.15) and DHT + FA (p = 0.06). Notably, when calculating the corre-
sponding values of pxch, the double treatment DHT + EDC was the one
inducing the highest pxch, equal to about 52% (i.e. about 12-fold with
respect to DHT alone). This value was also significantly different from
that shown by treatments DHT + GTA (about 31%, p < 0.0001) and
DHT + FA (about 32%, p < 0.0001). In terms of pxch, treatment DHT +
GP was comparable to DHT alone (p = 0.26), while treatment DHT +
DMS, which achieved a pgcp, of about 21% (i.e. about 5-fold compared to
DHT alone), showed an intermediate effectiveness between that of DHT
+ GP and DHT with aldehydes (either GTA or FA). The overall trend
describing the increase of py., was as follows: DHT < DHT + GP < DHT
+ DMS < DHT + GTA < DHT + FA < DHT + EDC.

3.2. Mechanical testing

Multiple stress-relaxation compressive tests, performed on denatured
collagen scaffolds, allowed estimating the elastically effective crosslink
density pxel, based on Eq. (4). Non-crosslinked scaffolds could not be

Number of free primary amine groups, percentage of reacted amine groups and equivalent chemically effective crosslink density (p) yielded by the different
crosslinking treatments, as estimated from the TNBS assay (n = 3; mean =+ SD); shear modulus G and elastically effective crosslink density (pxe)) of the collagen-based
scaffolds, as obtained via stress relaxation compressive tests (n = 5; mean + SD). n.d. = not detected.

Crosslinking treatment Free -NH, (10° mol/g) Reacted -NH,, (%) Pxch (%) G (kPa) Pxet (107° mol/cm®)
None 5.7 +0.7 0.0 £ 0.0 0.0 £ 0.0 n.d. n.d.

DHT 5.4 +0.1 42+1.6 42+1.6 8.6 + 0.7 1.0+ 0.1

DHT + GP 53+0.1 6.7 £ 1.7 6.2 + 1.0 7.2+ 0.8 0.9 +0.1

DHT + DMS 3.6 £0.5 36.6 £ 9.1 20.9 £ 4.3 16.7 + 1.6 21+0.2

DHT + EDC 2.7 +0.1 52.5+ 0.3 52.5+ 0.3 323+1.6 3.7 +£0.2

DHT + GTA 2.4+0.2 57.5 £ 0.5 314 +1.6 39.8 £ 4.9 4.3+0.5

DHT + FA 2.3+0.1 59.1 +1.2 322+0.8 44.6 + 0.4 4.7 £0.1
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tested, since they rapidly dissolved upon preliminary collagen
denaturation.

As expected, the crosslinking treatments were found to significantly
affect the shear modulus G of the scaffolds, as well as their pye (Table 1;
p < 0.0001, power = 1). A progressive increase of G and pye was indeed
detected when moving from DHT to DHT + FA treatment, with both G
and pye] showing approximately a 5-fold increase for the double treat-
ment DHT + FA, with respect to DHT alone. Such an increasing trend
was similar to the one found for the reacted amine groups (i.e. DHT <
DHT + GP < DHT + DMS < DHT + EDC < DHT + GTA < DHT + FA). In
this regard, a linear correlation between the values of pge and the per-
centage of reacted amines was detected (Fig. 1, R? = 0.94).

In agreement with the number of reacted amines, the DHT + GP
crosslinking was comparable to the DHT one, in terms of both G (p =
0.59) and pyel (p = 0.69), while crosslinking with aldehydes (GTA and
FA) led to the highest values of G and py.|, with no significant difference
between the two treatments (DHT + GTA vs. DHT + FA: p = 0.18 for G,
p = 0.12 for pgel).

When comparing the values of pych and pge for each crosslinking
treatment, it is interesting to observe that both crosslink densities
correlated well with each other, with the exception of the values
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Fig. 2. (A) Volumetric swelling ratio (SR) of the collagen scaffolds upon different crosslinking treatments (n = 9; mean + SD); (B) linear reduction of the SR as a

function of pyel (R% = 0.75).
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measured for treatment DHT + EDC. Indeed, this treatment was found to
lead to a significantly lower pye than DHT + FA (Table 1; p < 0.05), in
spite of achieving the highest pych. This suggested that an appreciable
amount of zero-length intramolecular crosslinks (which are not elasti-
cally effective) formed upon the EDC treatment, along with intermo-
lecular ones.

3.3. Water uptake

The volumetric swelling ratio SR of the crosslinked collagen scaf-
folds, calculated according to Eq. (5), is represented in Fig. 2A. As ex-
pected, the crosslinking treatment was found to significantly affect the
SR, with decreasing SR values yielded for increasingly effective cross-
linking treatments (p = 0.0044, power = 0.943). However, compared to
the single DHT treatment, only the DHT + FA one was found to lead to a
noticeable reduction of the SR (p = 0.05). Moreover, scaffolds cross-
linked by the DHT + GP treatment showed an average SR higher than
that obtained for the other samples (p < 0.05). This is consistent with the
swelling increase of GP crosslinked collagen scaffolds reported by
Mekhail et al. [35], which may be attributed to the potential formation
of GP oligomers upon crosslinking, with the consequent formation of
porosity [36].

Linear regression analysis highlighted a linear reduction of the SR
with the increase of pye (Fig. 2B, R? = 0.75), while this trend was not
observed when considering pxch.

3.4. Calorimetric analysis

Differential scanning calorimetry was employed to analyze the
thermal stability of the collagen scaffolds, by detecting their denatur-
ation (T4) and degradation (Tp) temperatures. Collagen denaturation
involves the rupture of the hydrogen bonds that stabilize the triple helix,
without affecting the crosslinking bonds [25]. Conversely, thermal
degradation involves more severe conformational changes, including
the rupture of chemical crosslinks [24]. As expected, the crosslinking
treatment had a significant effect on the values of both T4 and Ty
(Table 2; p < 0.0001, power = 1), with a general increase of the two
temperatures for increasing crosslink densities.

With specific regard to denaturation, DHT and DHT + GP treatments
did not result in a significant increase of T4 compared to uncrosslinked
samples. This was consistent with their mild increase of px (both pxch and
Pxel), as shown in Table 1. Interestingly, while the T4 measured for the
DHT + DMS samples was similar to that of DHT + GTA and DHT + FA
ones (p = 0.12 and p = 0.13, respectively), the average Tq shown by the
DHT + EDC scaffolds was the highest one to be detected. This finding,
along with the results obtained for pxch and pgel, suggested that the
establishment of intramolecular crosslinks, likely yielded by the zero-
length EDC treatment, contributed to enhance the stability of the
collagen molecule, thus the collagen resistance to denaturation. In
particular, a linear correlation between T4 and py was found, with a
much higher R? coefficient obtained for the plot of Tq vs. pxen (Fig. 3, R?
= 0.94) than for the plot of Tq Vs. pxel (R? = 0.65).

As for the degradation temperature, a certain increase of Ty was
noted upon crosslinking. However, DHT and DHT + DMS samples

Table 2
Denaturation (T4) and degradation (Ty;) temperatures of the collagen scaffolds,
measured upon different crosslinking treatments (n = 3; mean + SD).

Crosslinking treatment Tq (°C) Ty (°C)
None 36.9 £ 0.8 205.5 £ 1.0
DHT 37.4 £ 0.6 205.7 £ 0.7
DHT + GP 37.5+0.1 226.3 £ 0.3
DHT + DMS 48.7 +£ 2.7 213.0 £11.5
DHT + EDC 58.4 + 0.8 223.8 +£2.2
DHT + GTA 47.0£1.2 231.7 £ 0.1
DHT + FA 50.4 + 0.7 232.3 £0.0
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Fig. 3. Linear increase of the denaturation temperature (T4) of the collagen
scaffolds with the increase of pych (R? = 0.94).

showed a similar Ty to uncrosslinked samples (p = 0.96 and p = 0.07,
respectively), in spite of having very different crosslink densities
(Table 1). Analogously, DHT + GP samples had Ty values very close to
those of DHT + EDC samples (p = 0.5), regardless of their dissimilar
crosslink density. Therefore, differently from what found for Ty, no clear
correlation could be detected between the degradation temperature and
the crosslink density of the collagen scaffolds. The value of Ty seemed to
be greatly affected by the specific crosslinking treatment and the
incorporation of a given molecule (such as GP) within the collagen
network, in addition to the achieved crosslink density.

3.5. Invitro collagenase degradation

The susceptibility of the collagen scaffolds to enzymatic degradation
was assessed in vitro in the presence of bacterial collagenase. While non-
crosslinked samples were found to totally disintegrate within 5 min of
incubation (data not shown), the complete solubilization of DHT-treated
scaffolds occurred within 1 h (Fig. 4). This confirmed that DHT was able
to increase the collagen resistance to degradation, although being a mild
crosslinking treatment.

Then, the use of further chemical crosslinking treatments, in addition
to DHT, influenced the degradation kinetics of the collagen scaffolds in a
manner that was proportional to the achieved crosslink density. The GP
treatment, which led to pgch and pxe values similar to DHT (Table 1), did
not significantly increase the degradation resistance of the scaffolds (p
= 0.6), with a complete dissolution occurring after about 2 h.
Conversely, the more effective DMS and EDC treatments induced a mass
loss of approximately 90% and 50% after 8 h, respectively. It is worth
noting that the scaffolds crosslinked with the aldehydes, which exhibi-
ted the highest values of pye] but lower values of py, compared to the
DHT + EDC treated scaffolds, showed the slowest degradation rates,
with a mass loss lower than 5% after 7 h of incubation for the DHT +
GTA samples and a mass loss lower than 3% after 24 h for the DHT + FA
samples (data not shown). The different degradation kinetics of DHT +
GTA and DHT + FA scaffolds, with respect to DHT + EDC ones, sug-
gested that pye], rather than pych, is the parameter governing the scaffold
degradation rate, i.e. intermolecular crosslinks are likely more effective
than intramolecular ones to slow down the enzymatic attack.

Weight loss data at the different time points, obtained for DHT, DHT
+ GP, DHT + DMS and DHT + EDC samples (Fig. 4), were fitted by the
single exponential decay rule shown in Eq. (6), in order to estimate the in
vitro half-life of the scaffolds (Table 3). As expected, increasing values of
the in vitro half-life, in the approximate range 12-173 min, were ob-
tained for samples having a higher crosslink density.

Considering the calculated values of the half-life of the scaffolds as a
function of pge], we found that the half-life increase could be fitted by an
exponential relationship of the following type (R = 0.90):
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Fig. 4. In vitro collagenase degradation kinetics of collagen scaffolds treated by DHT (blue), DHT + GP (grey), DHT + DMS (orange) and DHT + EDC (green),

monitored over 6 h (n = 3 at each time point; mean + SD).

Table 3

Fitting of the degradation data of collagen scaffolds treated by DHT, DHT + GP,
DHT + DMS and DHT + EDC with the single exponential decay rule in Eq. (6).
Values of R? and the degradation rate constant are reported, together with the in
vitro half-life of the scaffolds.

Crosslinking R? Degradation rate constant k Half-life
treatment (min™1) (min)
DHT 0.70  0.055 12.6
DHT + GP 0.93 0.026 26.6
DHT + DMS 0.94 0.012 57.7
DHT + EDC 0.94  0.004 173.2
t1/2 :AEB()“/ (7)

where t; /5 is the half-life and A and B are two constants (A = 8.89 min
and B = 0.082 m>/mol).

This type of relationship was in agreement with the findings of a
previous study from our laboratory [7].

4. Discussion

Crosslinking is a fundamental step in the manufacture of collagen-
based medical devices, as non-crosslinked collagen would be readily
degraded in the physiological environment and unable to sustain me-
chanical loads [4-9]. While blending with other biomaterials could
represent an alternative route to crosslinking [37-39], the formation of
crosslinks among the collagen molecules, induced by various physical
and/or chemical treatments, is well known to stiffen the collagen-based
devices and to increase their in vivo residence time, in a manner pro-
portional to the achieved crosslink density py, i.e. the number of cross-
linked chains per unit volume [4-10]. Commonly used physical
treatments to crosslink collagen include the DHT and the UV cross-
linking [9,13,40]. These treatments are intrinsically advantageous over
chemical ones, due to the absence of exogenous compounds that may
compromise the cytocompatibility of the collagen substrate. However,
although the crosslink density can be controlled to a certain extent by
varying some crosslinking conditions (e.g. temperature, time) [9,19], the
crosslinking efficiency of physical treatments is generally limited, thus
leading to only mild improvements of the mechanical and degradation
properties of the collagen devices [5,7,8]. As such, up to date a plethora
of chemical crosslinking agents have been investigated, in order to more
effectively modulate the properties of various collagen substrates (e.g.
films, porous sponges, fibrous mats) as needed. Such agents range from

common and widely investigated ones, such as aldehydes and
water-soluble carbodiimide (EDC) [4,7,22,25], to novel and less
explored agents, such as shikimic acid [41] and oxidized chitosan
oligosaccharide [42]. However, the cytotoxicity that may be induced by
the incorporation of certain crosslinkers in the collagen network (e.g.
aldehydes) should be accounted for, since it may practically limit the
applications in the medical field [43,44]. In this regard, crosslinkers of
natural origin, such as genipin (GP), or zero-length crosslinkers, such as
EDC, may be preferred, since they are generally related to low cyto-
toxicity and low immunogenicity [23,43,45,46].

With specific regard to the cellular response to crosslinked collagen,
it should be noted that crosslinking (achieved through physical, chem-
ical and enzymatic treatments) could alter the exposure of cell-binding
domains on the collagen molecules, by masking them or engaging
them in crosslinks [12-15]. Upon EDC crosslinking, collagen-based films
[13,15] and scaffolds [47] have been found to lead to diminished
cellular attachment, with respect to various cell types (e.g. platelets,
myoblasts, mesenchymal stem cells). Furthermore, the enhanced stiff-
ness and residence time of the scaffold, induced by crosslinking, could
additionally affect the cell/tissue response [6,11]. For instance, collagen
crosslinking by either EDC or GP has been recently shown to promote
the in vitro stability of tubular structures, like blood and lymphatic
vessels [48]. As for the in vivo response, collagen devices that degrade
too slowly, due to heavy crosslinking, are generally associated to
calcification and foreign body response [16,17]. Hence, both the phys-
icochemical and biological effects of given crosslinking treatments
should be accurately evaluated to identify the optimal crosslinking
method for the intended application.

In this scenario, the quantification of the crosslink density induced
by given crosslinking treatments is fundamental to the understanding of
the crosslinking mechanisms, as well as the modulation of the scaffold
properties. In this work, we estimated both the chemically effective
(pxch) and the elastically effective crosslink density (pxel) of collagen-
based scaffolds achieved upon different crosslinking methods, with the
double aim of comparing the efficacy of the different methods and
getting more detailed information on the effects of intramolecular and
intermolecular crosslinks on the scaffold properties. First of all, in order
to finely modulate the crosslink density of freeze-dried collagen scaf-
folds, we coupled a preliminary DHT treatment with the use of several
chemical crosslinkers, including GP, EDC, dimethyl suberimidate
(DMS), glutaraldehyde (GTA) and formaldehyde (FA). The combination
of two (or more) crosslinking treatments indeed offers a synergistic way
to control the scaffold properties [49]. The choice of performing the
DHT treatment right before the use of chemical crosslinkers was based
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on the findings of previous studies [7,9,19], which showed that: (a) DHT
crosslinking is able to stabilize the structure of porous scaffolds for
further manipulation as well as for subsequent crosslinking in aqueous
solutions, where capillary forces may induce a distortion or collapse of
the pore walls [7]; (b) DHT treatment is also able to induce a limited
amount of denaturation (in addition to crosslinking) [9,19], which may
be useful to increase the number of cell binding sites, by the exposure of
cell ligands that are unavailable in the triple helical configuration [14].

Interestingly, by estimating the values of pxch and pge induced by the
various crosslinking treatments (Table 1), we observed that: (a) based on
pxch, Which accounts for both intramolecular and intermolecular cross-
links, the efficacy of the treatments varied according to the following
order: DHT < DHT + GP < DHT + DMS < DHT + GTA < DHT + FA <
DHT + EDC, with values of pxch in the approximate range 4%-52%; (b)
based on pyxe, which accounts for intermolecular crosslinks only, the
efficacy of the treatments was consistent with the following trend: DHT
< DHT + GP < DHT + DMS < DHT + EDC < DHT + GTA < DHT + FA,
with values of pye] directly proportional to the number of reacted amine
groups (Fig. 1) and in the range 1 x 107° - 4.7 x 10~° mol/cm®. When
comparing the values of pycn and pxe| yielded by the different treatments,
the crosslink densities were thus found to correlate quite well with each
other, with the exception of those obtained for the DHT + EDC treat-
ment. Indeed, the DHT + EDC crosslinking led to a higher py., but a
lower pye; than the DHT + GTA and DHT + FA ones. This seemed to
suggest that, being a zero-length treatment (differently from the alde-
hydes ones), the EDC crosslinking elicited the formation of a consider-
able amount of elastically ineffective, intramolecular crosslinks.

After the evaluation of pyxch and pyel, crosslinked scaffolds were
assessed for their water uptake, thermal stability and in vitro resistance
to enzymatic degradation. With regard to the water uptake, expressed in
terms of volumetric swelling ratio (SR), we did not find significant dif-
ferences among the distinctly crosslinked scaffolds (Fig. 2A), with the
exception of GP-crosslinked samples, which showed a higher swelling
compared to others. However, a linear trend describing a slight reduc-
tion of the SR with the increase of pge] was found (Fig. 2B), while no clear
dependence of the SR on pych was observed. These findings suggested
that swelling measurements, performed on porous scaffolds, are not
accurate enough to provide a proper comparison of different cross-
linking treatments, likely due to the fact that the water uptake is also
affected by additional structural parameters, such as hydrophilicity and
porosity. However, a certain correlation exists between the SR and pyel,
in agreement with the rubber elasticity theory.

Notably, the results of calorimetric analyses, which highlighted a
higher denaturation temperature (Tq) for the EDC-treated samples
compared to others (Table 2), were consistent with the formation of
intramolecular crosslinks upon EDC treatment, as suggested by the
comparison of pgey and pyxe. Indeed, in addition to intermolecular
crosslinks, intramolecular ones are expected to contribute to the sta-
bility of the collagen triple helix, thus increasing the resistance to mo-
lecular unfolding. Accordingly, we found that the values of T4 are well
correlated with the values of pych (Fig. 3), whereas the interdependence
with pge] is less pronounced. Therefore, the evaluation of Tq by means of
calorimetric analyses seems to provide a good qualitative comparison of
the pych yielded by different crosslinking treatments. On the contrary, no
clear correlation between the crosslink density (either pych Or pxe) and
the degradation temperature (Tyy) of the scaffolds could be detected, thus
suggesting that Ty is not a useful parameter to qualitatively assess the
efficacy of different crosslinking methods.

Furthermore, collagenase-induced degradation tests showed that the
degradation rate of the scaffolds was significantly slowed down by an
increase of the crosslink density, especially pyel (Fig. 4). Indeed, DHT-
crosslinked scaffolds completely degraded within 1 h of enzymatic
exposure, GTA- and FA-treated ones showed only a negligible weight
loss along the experimental time window, while EDC-treated specimens
(that exhibited a lower pgej but a higher pych than aldehyde-treated ones)
showed a degradation of about 50% after 8 h. The comparison between
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aldehyde-treated and EDC-treated samples thus suggested that the
degradation rate of collagen-based scaffolds is mostly dependent on
intermolecular crosslinks, rather than intramolecular ones. Interest-
ingly, degradation data for samples crosslinked by DHT + GP, DHT +
DMS and DHT + EDC (Table 3) were in very good agreement with the
exponential decay rule reported in the literature for enzymatic degra-
dation [5]. Moreover, we found an exponential dependence of the in
vitro half-life on the values of pge (Eq. (7)). These results indicated that
enzymatic degradation tests are very useful to compare the efficacy of
multiple crosslinking treatments, with the scaffold half-life providing an
indirect, quantitative estimation of pye].

Overall, this study provided evidence that the single evaluation of
either pych Or pxel might be a useful method to compare the effectiveness
of multiple crosslinking treatments, in cases where the intramolecular
crosslinks formed upon crosslinking are negligible. Conversely, when
intramolecular crosslinks are substantial, as here found for treatment
DHT + EDC, pych and pye values diverge, so that the single determination
of either pxch Or pxel may be misleading or provide only a partial un-
derstanding of the effects of given crosslinking treatments on the scaf-
fold properties. Therefore, the determination of both pycn, and pel,
together with a comprehensive scaffold characterization (including the
evaluation of physicochemical, mechanical and biological properties),
appear as the safest way to tailor the design of collagen-based scaffolds
to selected applications.

As a final note, it is important to remind that the crosslink density
pxch evaluated in this work specifically accounts for the reacted amine
groups. An alternative route to estimate pyc, might be also based on the
quantification of residual carboxylic groups [21]. Although these ap-
proaches to estimate py can be applied to most of the collagen cross-
linking methods, which indeed utilize amine and/or carboxylate groups
for crosslinking, there might be other methods of interest that do not
involve those functional moieties for bonding. UV crosslinking, for
example, is known to induce bonds between free radicals that are
generated on aromatic collagen residues, like tyrosine and phenylala-
nine [8,40]. Due to the small amount of aromatic amino acids (less than
2%) in collagen [13], the efficacy of this method is modest, especially
with respect to amine-based crosslinking treatments [13,50]. However,
it represents an attractive option for crosslinking, while remarkably
preserving the cell binding sites of collagen [13,50]. For UV crosslinking
(or any other method that does not utilize amines), the direct evaluation
of pgch, as here described, does not seem straightforward. Nonetheless,
our findings suggest that the denaturation temperature might be a
reliable indicator of the achieved pyxch. Therefore, we expect that the
assessment of the denaturation temperature, along with the evaluation
of pxel, would ideally allow for a proper comparison of the efficacy of
different crosslinking treatments, regardless of the specific chemical
linkages formed upon crosslinking.

5. Conclusions

In this work, we investigated the use of various crosslinking treat-
ments to modulate the mechanical and degradation properties of
collagen-based scaffolds. In order to get an accurate estimation of the
extent of crosslinking achieved by the different treatments, we evaluated
both the chemically effective (pycn) and the elastically effective (pgel)
crosslink density, and then analyzed several scaffold properties that are
commonly assessed as qualitative indicators of the crosslink density (e.g.
water uptake, denaturation temperature and degradation rate). Notably,
pxch and pge] correlated well with each other for all the crosslinking
treatments except the DHT + EDC one. For this treatment, the dual
estimation of pxch and pge allowed us to appreciate the formation of a
considerable amount of intramolecular crosslinks, compared to the
other crosslinking methods.

Moreover, we found that the denaturation temperature was linearly
correlated with pych rather than pye), while the water uptake was affected
by pxel, as expected. The in vitro half-life of the scaffolds showed an
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exponential dependence on pye). Excluding the use of aldehydes (which
are known to induce cytotoxicity), among the tested treatments EDC
crosslinking was the most effective one, as it ensured the highest in-
crease (about 4-fold) of the stiffness and the highest increase of the half-
life (about 14-fold), compared to single DHT treatment. DMS cross-
linking also appeared as an attractive method to enhance the mechanical
and degradation properties of the scaffolds. However, the choice of the
optimal crosslinking for a given application will require an extensive
biological evaluation to analyze the effects of crosslinking on the cell/
tissue response.
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