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Abstract 

With the efficient cross-linking abilities and the flexible regulation abilities to the performances of cross-linked 
products, the multi-functional aliphatic epoxides were once widely used to cross-link the collagen-based materials 
in the last century. In present work, the multi-functional epoxides were used to construct and cross-link collagen 
sponges for tissue engineering scaffolds, which was hoped to board the theoretical system of epoxides and explore 
their potentials for modern applications. The bi- to tetra-functional epoxides were used to cross-link collagen solu-
tions and establish the gel-like precursors, then using freeze-drying to form the final sponges. The SEM observed 
that the sponges had shown regular porous structures with a wide range of pore sizes from 160 to 440 μm. The 
sponges had presented the resistance to enzymatic degradation, shape-remaining ability, and reversible compress-
ibility in aqueous environments, which all could be regulated through the functionalities of epoxides. The regulation 
abilities of multi-functional epoxides on the performances of sponges had been mainly achieved through the cross-
linking degrees that the higher functionality of epoxides would bring higher cross-linking degree. Such higher cross-
linking degrees could enhance the elastic behaviors of gel-like precursors, and improve the compressive strengths 
and thermal stabilities of sponges. Nevertheless, the multi-functional epoxides had barely affected the safety of col-
lagen sponges at the cellular level according to the results of CCK8 assay and the SEM and CLSM images of L929 
fibroblasts cultured on the cross-sections of sponges.
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1 Introduction
The multi-functional epoxides, which are known for the 
ability to establish strong cross-linking networks, have 
been widely used in the fields of adhesion, coating, tex-
tile, and papermaking for decades [1, 2]. Collagen is the 
major component of extracellular matrix (ECM) [3, 4], 
which has accepted bioactivity and an abundance of 
functional groups including amino, carboxy, and hydroxy 
groups that makes collagen the common biomaterial for 
tissue engineering [5, 6]. Benefited from the good reac-
tion ability between the epoxy groups and amino groups 
of collagens, the epoxides have been used to reinforce 
the collagen-based materials, which could be traced back 
to 1950s where the epoxides were deployed as leather 
tanners [7, 8]. When it came to the 1990s, the aliphatic 
epoxides were applied on natural animal tissues such as 
tendons, pericardium, arterial valves, etc. to develop col-
lagen-based xenografts [9–11].

As the collagen cross-linkers with good potentials, the 
multi-functional epoxides could enhance the mechanical 
properties, thermal stabilities, and enzymatic resistance 
of cross-linked products with acceptable biocompat-
ibility including non-cytotoxicity, non-mutagenicity and 
resistance to calcification [12–14]. Besides, different from 
the traditional bi-functional cross-linkers such as GA 
or NHS, the epoxides containing multiple active epoxy 
groups are able to construct three-dimensional networks 
rather than the two-dimensional bridging systems [15]. 
Moreover, the multi-functional epoxides could regulate 
the performance of cross-linked products more flexibly 

through manipulating the cross-linking degrees accord-
ing to their functionalities, while the regular bi-func-
tional cross-linkers usually depended on the dosage. For 
such capabilities to construct three-dimensional collagen 
cross-linking networks that were efficient, simple, and 
customizable, the epoxides were now used to prepare 
and reinforce the tissue engineering scaffolds. Bock et al. 
used 1,4-butanediol ether to cross-link the hydroxyapa-
tite/collagen scaffolds that dip-coated by aqueous fer-
rofluids containing iron oxide nanoparticles to prepare 
the magnetic biomimetic scaffolds who presented the 
ability to support adhesion and proliferation of human 
bone marrow stem cells in  vitro [16]. Zheng et  al. used 
the epoxidized natural polysaccharide to prepare the 
highly stable collagen scaffolds based on porcine acel-
lular dermal matrix, the thermal stability and mechani-
cal properties of scaffolds were remarkably improved 
without adverse effects on the biocompatibility of the 
materials [17]. Minardi et  al. fabricated a magnesium-
doped hydroxyapatite/collagen scaffold that was wet 
cross-linked by 1,4-butanediol digylcidyl ether, the scaf-
folds had successfully induced osteogenic differentiation 
in vitro and promoted the bone regeneration in clinically-
relevant scenarios in vivo [18].

Other than the reinforcements on collagen-based bio-
materials, the multi-functional epoxides also had extra 
advantages that the grafted epoxy groups on collagen 
molecules would be rarely hydrolyzed and remain their 
good reaction activity [19]. On the one hand, the active 
epoxy groups could help collagen to connect and com-
posite other biomaterials containing available groups 
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to fabricate heterogeneous composites [20]. Kim et  al. 
developed hybrid scaffolds composed of hyaluronic acid 
and collagen, where the ethylene glycol diglycidyl ether 
could react to both of the amino groups of collagens 
and the hydroxy groups of hyaluronic acid. The results 
showed that the scaffolds had three-dimensional struc-
tures with interconnected pores and effectively promoted 
the cartilage regeneration [21]. On the other hand, the 
grafted epoxy groups could be able to help the cell adhe-
sion. Trimbach et al. prepared an epoxide-functionalized 
surfaces to provide new routes for cost-effective coatings, 
and their results demonstrated that the epoxide groups 
on the glass surfaces even outperformed ECM protein 
gel in cell adhesion [22]. In another recent report, the 
epoxides cross-linked collagen-based bio-interfaces had 
also presented better ability to enhance the strength of 
cell adhesion, who also mentioned that the enhancement 
might originate from the bonding between epoxy groups 
and proteins on the surfaces of cells [23].

The epoxides had proved their potentials and capa-
bilities during the long-time applications; however, there 
were still unexplored areas that mattered to the prac-
tices. From a fundamental perspective, the theoretical 
researches were basically carried out in the last century 
and based on the nature tissues. The tissues from dif-
ferent parts of different animals had their own natural 
properties, which led to different outcomes from dif-
ferent researches. For instance, the shrinkage tempera-
ture of cross-linked porcine tendon would be about 8 °C 
higher than bovine pericardium even though the reac-
tion conditions and epoxides used were the same [24, 
25]. Another problem was that the applications nowa-
days focused more on the artificial advanced constructs 
of collagen such as hydrogels, sponges, and films, which 
were always started from extracted dispersed collagen 
molecules. Whereas, the investigations based on animal 

tissues, where the collagen had already existed in the 
original high structures, might not be sufficient enough 
to predict and guide the development and designing of 
modern collagen-based materials. In addition, the mod-
ern investigations tended to directly employ epoxides to 
reinforce the collagen-based biomaterials just as many 
other regular cross-linkers did, which left the regulation 
potentials of multi-functional epoxides not exploited and 
applied sufficiently.

In this work, 4 kinds of aliphatic epoxides (as shown 
in Table 1) were selected to cross-link bovine skin Type I 
collagen to fabricate the collagen sponges for tissue engi-
neering. Combined with the discussions around both the 
sponges and corresponding gel-like precursors, series 
properties of epoxides cross-linked collagen, such as the 
morphologies, cross-linking degrees, mechanical prop-
erties, and cytocompatibilities, which mattered to the 
designs and applications, had been investigated.

2  Materials and methods
2.1  Materials
Bovine skin Type I collagen was extracted from the fresh 
calf skins based on our previous work [26]. In brief, the 
fresh skin was first defatted, neutralized and cut, then the 
small pieces of skin were soaked in 0.5 M acetic acid con-
taining 3% pepsin (1:3000, based on dry weight). After 
stirring for 48 h, 0.7 M NaCl solution was added to salt 
out natural Type I collagen at 4  °C. The precipitate was 
separated by centrifuge and redissolved using 0.5 M ace-
tic acid. The collagen solution was purified by dialyzing at 
4 °C and lyophilized for storing at last.

The 1,4-butanediol diglycidyl ether (BDDGE) was pro-
vided by Weng Jiang Reagent Co. Ltd. (Shaoguan, China; 
purity > 95%), the poly (ethylene glycol) diglycidyl ether 
was provided by Sigma-Aldrich, the glycerol polyglycidyl 

Table 1 The structures of epoxides

Epoxides Amount of epoxy groups Molecular weight Structural formulas

1,4-butanediol diglycidyl ether 2 174

Poly (ethylene glycol) diglycidyl ether 2 ~ 500

, n = 9–10

Glycerol polyglycidyl ether 3 232

Polyglycerol polyglycidyl ether 4 538
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ether and polyglycerol polyglycidyl ether were donated 
by Ao Ke Advanced Materials Co. Ltd. (Shanghai, China). 
The corresponding structures were listed in Table 1.

2.2  Preparation of the epoxides cross‑linked collagen 
sponges

Lyophilized collagen was dissolved in 0.036 M sodium 
carbonate/0.064  M sodium hydrogen carbonate 
 (NaHCO3/Na2CO3) buffer solution (pH = 10.68). The 
initial concentration of collagen solution was 1.25-
wt% and the epoxides were prepared as the solution of 
20-wt%, then the epoxide solutions were added drop-
wise to the collagen solutions until the final concentra-
tions of collagen and epoxides were 1-wt% and 4-wt%, 
respectively, in mixtures. The samples were first stirred 
for 30 min at 4 °C and then transferred to 24-well plates 
and left them still for 24 h to form the gel-like precur-
sors at room temperature, followed by immersed in 
ultrapure water for purification. The water was changed 
each hour until the conductivity of water was lower 
than 20  μS/cm after immersing. The purified gel-like 
precursors were first fully frozen for 24 h, then lyophi-
lized under − 30  °C in 0.37 mpa for 48 h to obtain the 
sponges. According to the amounts of epoxy groups 
that the epoxides containing, the sponges were coded 
as Col-Ep2, Col-Ep3, Col-Ep4. The sponges that were 
cross-linked by poly (ethylene glycol) diglycidyl ether 
who was the bi-functional epoxide with the longest 
backbone were coded as Col-Ep2L.

2.3  Microstructure of epoxides cross‑linked collagen 
sponges

2.3.1  Morphological analysis
The porous structures were important characteristics 
of sponges, which were analyzed by a Hitachi SU3500 
scanning electron microscope (SEM, Hitachi, Tokyo, 
Japan). After treated by liquid nitrogen, the sponges 
were separated vertically to expose the interior struc-
ture. Then the samples were coated with an ultrathin 
layer of gold–palladium using an ion sputter. The 
observation was achieved at an accelerating voltage of 
15  kV. Based on the SEM images, the pore sizes were 
measured using software ImageJ (National Institutes of 
Health, USA), and each sample was measured from 3 
different positions.

2.3.2  Swelling ratio
The swelling ratios of the gel-like precursors were 
related to the final porous structures of sponges and 
helped to observe the property differences among the 
cross-linking networks established by different func-
tional epoxides. The initial weights (Wi) of gel-like 

precursors were measured immediately when the pre-
cursors formed, then the gel-like precursors were 
immersed in deionized water at 37  °C. At predeter-
mined intervals, the gel-like precursors were gently 
wiped with filter paper and weighted. When the weights 
of all samples became constant, the final weights (Wf) 
were measured. The swelling ratio (%) was calculated 
using Eq. (1):

2.4  Evaluations of the durability and cross‑linking degree
2.4.1  Thermal stability
The thermal stability was measured by differential scan-
ning calorimeter (Netzsch 200PC, Selb, Germany). 5 mg 
of each sponge was sealed in an identical pan and the 
thermal scanning was performed between 25 and 100 °C 
at a heating rate of 5  °C/min under a nitrogen atmos-
phere with an empty pan as reference.

2.4.2  Enzymatic stability
The enzymatic stability was analyzed using Type I col-
lagenase from Clostridium histolyticum (≥ 125  U/mg, 
C0130, Sigma-Aldrich, Munich, USA). The sponges were 
firstly weighted (W0), then immersed in 10 mL of colla-
genase solutions (5 U/mL) for 1, 2, 4, 8, and 12 h under 
37  °C. At each time point, the residual sponges were 
taken out from the collagenase solutions and washed 
using ice ultrapure water immediately to terminate 
the enzymatic degradation. The residual sponges were 
weighted again (W1) after freeze-drying again. The enzy-
matic stability could be expressed as the enzymatic deg-
radation degrees by Eq. (2):

2.4.3  Determination of the reacted amino group content
The trinitrobenzensulfonic acid (TNBS) assay was 
used to measure the reacted amino group content of 
sponges. 0.15  g of sponge was added to 1.2  mL borax 
buffer (pH = 10.00) and 1.2  mL freshly prepared 0.1% 
(v/v) TNBS and reacted in the dark at 50 °C for 60 min. 
Then 4 mL 0.1N HCl was added and kept at room tem-
perature for 30 min. The absorbance of the final solution 
was recorded at 340 nm using a UV spectrophotometer 
(PerkinElmer Lambda 25, Waltham, MA). All the sam-
ples were measured in triplicate. The reacted amino 
group content of the cross-linked collagen was calculated 
according to Eq. (3):

(1)Swelling ratio (%) =
Wf −Wi

Wi
× 100

(2)

The enzymatic degradation degree (%) = 1−
W1

W0
× 100



Page 5 of 14Zhang et al. Collagen and Leather            (2023) 5:29  

where the subscripts cc and uc stand for the cross-linked 
and uncross-linked collagen, respectively.

2.5  Evaluations of the mechanical properties
2.5.1  Unconfined compressive test
The unconfined compressive tests were performed by 
Electronic Universal Testing Machine UTM2102 (Shen-
zhen SUNS Technology Stock CU., LTD, Shenzhen, 
China) according to GB/T 1041-92. The load and dis-
placement were set to 50 N and 8 mm, respectively, and 
compressing speed was 5 mm/min. The gel-like precur-
sors were measured only in air, while the sponges were 
measured in air and ultrapure water to observe the shape 
recovery properties as references [27].

2.5.2  Dynamic rheological measurements
To better understand the effects of epoxides with dif-
ferent functionalities to the cross-linking network, the 
dynamic rheological measurements of gel-like precur-
sors were performed on a Rheometer System Gemini 200 
(Molvern Instruments, Malvern, UK). The gap between 
parallel plate geometry (40  mm diameter) was set at 
5  mm in all tests. The frequency of dynamic frequency 
scanning was set from 0.01 to 10 Hz at 25 °C at a constant 
strain of 5%. The temperature was controlled by a Pel-
tier temperature controller with an accuracy of ± 0.1  °C. 
Dynamic stress sweeps were conducted prior to the fre-
quency sweeps to ensure operation within the linear vis-
coelastic region. Storage modulus (G′), loss modulus (G″) 
were recorded as a function of the frequency.

2.6  In vitro cytocompatibility evaluations
The L929 fibroblasts were used to evaluate the in  vitro 
cytocompatibility based on the guidance of ISO10993, 
and the samples were irradiation sterilized by gamma ray 
in advance. The sponges were extracted as the ratio of 
0.2 g/mL at 37 °C for 72 h as the relevant requirements. 
The cells were cultured in a Roswell Park Memorial Insti-
tute (RPMI) 1640 medium containing 10%(v/v) bovine 
calf serum (BCS) and 1% penicillin/streptomycin at 37 °C 
in 95% air/5%  CO2. The L929 cells were used at passages 
3–8 and the culture medium was changed every 2  days 
during this process.

The cytotoxicity of extracts of radiation sterilized 
samples was performed by CCK-8 colorimetry. The cell 
suspensions were diluted by culture medium and added 
100 μL to  104 cells/well in a 96-well plate and incubated 
for 4 h at 37 °C in an atmosphere of 95% air/5%CO2, then 

(3)

The reacted amino group content (%) = 1−
absorbancecc

absorbanceuc
× 100

cultured with extracted liquids for 1, 3, 5  days, respec-
tively. At each time point, 10 μL of CCK-8 was added to 
each well and the optical densities (OD) were recorded 
using a Multiskan FC microplate reader (Mindray, MR-
96A, China) at 450  nm. The values were expressed as 
mean ± standard deviation.

The cell morphologies were observed by inverted fluo-
rescence microscope (ECLIPSE, Ti2-U, Nikon, Japan) 
based on L929 fibroblasts seeded in the cross-sections of 
sponges. The radiation sterilized samples were formed in 
6-wells plates in advance and the L929 fibroblasts with 
density of 5 ×  104/dishes were seeded in each well. After 
3 days of culturing, the mixed solutions containing 10 μg/
mL rhodamine-phalloidin were added and incubated 
for 20 min. Besides, the cells cultured after 5 days were 
observed by a Hitachi SU3500 scanning electron micro-
scope (SEM, Hitachi, Tokyo, Japan). During the culturing 
process, the temperature of the environment remained 
at 37 °C and the atmosphere was kept as 95% air/5%CO2, 
and the medium was changed each 48 h.

2.7  Statistical analysis
All measurements were performed in triplicate to obtain 
mean values ± standard deviations. One-way ANOVA 
was performed in SPSS 20 software to analyze the vari-
ables, and p < 0.05 was considered statically significant.

3  Results and discussion
3.1  Microstructural analysis
Different from the natural tissues that had certain ana-
tomical structures and functions, the actual structures 
and performances of artificially produced bio-materials 
used for tissue engineering such as the sponges, hydro-
gels, or films, depended more on the preparation tech-
nologies. During the preparation process of collagen 
sponges, the raw materials, freeze-drying conditions, 
cross-linkers, would all affect the final structures and 
performances [28]. In present work, the collagen was all 
extracted from bovine skins, and the freezing and drying 
process of gel-like precursors were all the same. There-
fore, the differences among the morphologies of sponges 
presented in Fig. 1 would be mainly affected by the epox-
ides used.

The regular porous structures of epoxide cross-linked 
sponges had similar general structures as the reports of 
collagen-based biomimetic scaffolds used for tissue engi-
neering [29, 30], while the untreated collagen exhibited 
relatively unordered and mussy structures. It can be seen 
that from Col-Ep2 to Col-Ep4, who were cross-linked by 
the epoxides with gradually increasing functionalities, 
the porous structures of sponges were getting tight and 
the pore sizes appeared to be shrunk. By contrast, the 
Col-Ep2L that cross-linked by a bi-functional epoxide 
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with the longest backbone, had the looser structures 
compared with other cross-linked sponges. To quantita-
tively present the differences among the pores of differ-
ent sponges, the pores sizes were also counted based on 
SEM images and shown in Fig. 1. It was obvious that with 
higher functionalities of epoxides used, the average pore 
sizes of sponges had reduced from the 0.33 mm of Col-
Ep2 to the 0.25 mm of Col-Ep3 and further to 0.19 mm of 
Col-Ep4. Meanwhile, the distributions of pore sizes also 
tended to be concentrated shown as flat boxes in cor-
responding box plots from Col-Ep2 to Col-Ep4, which 
indicated much tighter and more regular structures. By 
comparison, the Col-Ep2L had a much wider distribution 
of pore sizes that echoed its looser structure.

The different structures of sponges were proofs of the 
regulatory ability of multi-functional epoxides. Under the 
similar chemical cross-linking mechanism and reaction 
conditions, the epoxides could achieve wider and finer 
controls on the structures of collagen sponges. The simi-
lar controls on cross-linking might be more complex for 
the single-form chemical cross-linkers such as glutaral-
dehyde, genipin, and EDC/NHS, etc. that relied more on 
the dosages. As for practical applications, the pore sizes 
of multi-functional epoxides cross-linked sponges had 
covered a wide range from 190 μm (Col-Ep4) to 380 μm 
(Col-Ep2L), which could meet more extensive demands 
of biomedical applications including vascularization, 
bone regeneration, cartilage regeneration, and dermal 
substitutes [31–33]. From the theoretical perspective, 
the morphologies of cross-linked sponges had revealed 
the regulatory ability of multi-functional epoxides on 
the structures of collagen-based artificial biomaterials. 
In the past, whether the structures of epoxides were, the 
structures of cross-linked animal tissues would always 
be tighter due to the effects of chemical cross-linking 
or physical filling [24]. The results about functionalities 

still suitable for sponges, considering that the higher 
functionalities of epoxides could form the tighter cross-
linking networks according to the trends of Col-Ep2, 
Col-Ep3, and Col-Ep4. The long backbones of epoxides 
were believed to be able to fill the inner spaces in animal 
tissues and enhance the stabilities and mechanical prop-
erties. However, it seemed that the long backbones of 
epoxides would lose the structures of sponges rather than 
filling the interior spaces, especially considering the dif-
ferent morphologies of Col-Ep2L and Col-Ep2.

The media transforming process from the water of 
gel-like precursors to the air of sponges was achieved 
through freeze-drying process. The freezing of water 
would form ice crystals inside precursors and affect the 
porous structures of sponges, so that the water capacities 
of gel-like precursors also mattered to the final sponges 
[34]. The swelling behaviors of gel-like precursors were 
shown in Fig. 2. It can be seen that basically all the gel-
like precursors had finished the swelling process within 
immersing for 6  h. The Col-Ep4 who had the smallest 
pore sizes also exhibited lowest swelling ratio, while the 
Col-Ep2L, whose pores were the largest ones, had swelled 
much more significantly.

It can be seen that the swelling ratios of gel-like pre-
cursors were corresponding to the final pore sizes of 
sponges, as shown in Fig.  2b. The correspondence indi-
cated that the foundation of final structural properties of 
sponges was long laid since the formation of their pre-
cursors. Past investigation proved that the higher func-
tionalities of epoxides could bring higher cross-linking 
degrees, which might further be able to establish stronger 
and tighter cross-linking networks of gel-like precursors 
that could resist the swelling. With lower swelling degree, 
less water would be contained in the precursors and less 
ice crystals would form so that the final porous struc-
tures of sponges would tighter, under other consistent 

Fig. 1 The microstructures of collagen sponges cross-linked by multi-functional epoxides, which were observed using SEM, scale bar: 1 mm, 
and the corresponding pore sizes were counted based on SEM images
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conditions like the freezing or drying process. As for 
Col-Ep2L, on the one hand, it was speculated that the 
long backbones had hampered the cross-linking so Col-
Ep2L had the lowest cross-linking degrees and the loos-
est cross-linking network that would swell significantly. 
On the other hand, the long backbone might also lead to 
the longest cross-linking bonds, so the cross-linked col-
lagen molecules could slip to each other in a wider range 
that led to more significant swelling of gel-like precur-
sors. Still, the losing effects caused by long backbones 
could be made up by higher functionality. Col-Ep4 had 
presented the weakest swelling and tightest porous struc-
tures, who was cross-linked by an epoxide that had the 
similar length of backbone to the one used for Col-Ep2L 
but tetra-functional.

3.2  Mechanical property and recoverability
The mechanical performance was essential to the applica-
tion of collagen sponges for tissue engineering scaffolds 
and also helped to understand the effects of multi-func-
tional epoxides on the artificial collagen-based bioma-
terials. In the constant range of strain up to 65%, it can 
be seen in Fig. 3a that the compressive stress of sponges 
had the same trend with the functionalities of epoxides 
used for cross-linking. The Col-Ep4 that cross-linked 
by tetra-functional epoxide had the highest stress while 
Col-Ep2 that cross-linked by bi-functional one behaved 
relatively weaker. The higher functionalities could bring 
higher cross-linking degrees, tight structures, and further 
enhance the mechanical strength of cross-linked colla-
gen-based materials.

Similar results had also been found in the researches 
based on animal tissues which pointed that the denser 
structures might be beneficial to the dissipation of 

external pressures and energy, so the cross-linked tis-
sues were given better mechanical strength [35]. It can 
be seen that the compress stresses of Col-Ep2, Col-Ep3, 
and Col-Ep4 were gradually enhanced, and the cor-
responding epoxides also had the gradually increased 
functionalities. Besides, the reversible compressibility 
of collagen sponges was presented in Fig. 3b, and it can 
be seen that the Col-Ep2L could barely fully recovered 
while the rest ones had basically been back to original 
heights. The results indicated that the higher function-
alities of epoxides may also facilitate the shape recov-
erability of sponges. It was also reported that the long 
backbones of epoxides could filled up the spaces among 
collagen molecules and hinder their relative sliding, so 
that even the monofunctional epoxides, which could not 
form cross-linking, were able to enhance the mechanical 
strength of cross-linked tissues [36]. However, Col-Ep2 
and Col-Ep2L, who were cross-linked by bi-functional 
epoxides, had the rather similar compress stresses and 
modules, indicated that the backbone lengths of epoxides 
may affect the mechanical properties of sponges much 
slighter. Compared the Col-Ep2L and Col-Ep4, which 
were both cross-linked by epoxides with long backbones, 
it was obvious that the functionalities had more signifi-
cant effects on the mechanical strengths of sponges.

Nowadays, the multi-functional epoxides had usually 
played as common cross-linkers to the artificial colla-
gen-based biomaterials and rarely shown their capa-
bilities or explored the potentials like they had done to 
animal tissues back last century. Therefore, it was rather 
enlightening to find that the multi-functional epoxides 
could also endow the collagen sponge the shape recov-
erability under water. The photos in Fig. 4 had directly 
shown the reversible compressibility of sponges, which 

Fig. 2 a The swelling behaviors of the gel-like precursors; b The equilibrium swelling ratios and corresponding average pore sizes of the gel-like 
precursors
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can be seen that the profiles and shapes of sponges 
were barely changed by compression. Furthermore, the 
underwater compression curves of sponges were also 
provided beside the photos, which were finished by a 
tensile machine. The corresponding shape recovered 
curves demonstrated that the compressive strengths of 
sponges would have a few reductions due to the inevi-
table structural loss during repeated compression. It 
can be seen that the higher cross-linking degrees could 
help the sponges resist the compression that the com-
pressive strength of Col-Ep4 had barely changed while 
the compressive strength of Col-Ep2L was reduced 
more distinct.

The multiple level mechanical performance presented 
above had demonstrated the good potentials of multi-
functional epoxides to reinforce and regulate the collagen 
sponges, and shape-recoverability was an added bonus 
that allowed the sponges to fit the practical demands of 
tissue engineering. In addition, the mechanical strength 
of pure lyophilized collagen was considered to be weak 
[37], which always required the cross-linking to enhance. 
The compressive modulus of epoxides established 
sponges could reach about 10.3  kPa of Col-Ep4 at the 
strain of 40%, which was higher than the approximate 
3.5 kPa of the EDC/NHS cross-linked collagen scaffolds 

reported by Salim A et  al. for tissue engineering [38]. 
Besides, through integrating other biomaterials like elas-
tin [39], glycosaminoglycan, and hydroxyapatite, etc. [40], 
it can be expected that the epoxides cross-linked collagen 
sponges could achieve stronger mechanical strength and 
extend potentials in more fields.

The mechanical properties of gel-like precursors also 
had the direct correspondence to the final sponges, 
which were shown in Fig. 5. Different from the sponges, 
the gel-like precursors would directly end up with crack-
ing under compression as shown in Fig. 5a and b, yet it 
also gave another view to observe the effect of epoxides 
on the mechanical performance. It could be deduced that 
the precursors of Col-Ep2 and Col-Ep3 were more brit-
tle that cracked around 30% of strain, while the ones of 
Col-Ep4 and Col-Ep2L were ductile and cracking when 
framed nearly 40%. Although the compressive modu-
lus had a similar trend with Fig. 3 that Col-Ep4 was the 
strongest and Col-Ep2L was the weakest, they both 
exhibited good ductility that might be associated with the 
long backbones of the epoxides they used, which allowed 
the collagen molecules to remain connected in larger 
deformation range.

Meanwhile, the rheological evaluations based on 
dynamic viscoelasticity of gel-like precursors in Fig.  5c 

Fig. 3 a The compressive stress–strain curves of collagen-based sponges and the corresponding compressive modulus evaluated by the range 
of stress–strain curves from 0 to 40% with  R2 > 0.99; b The reversible compressibility presented as the recovery process during compressive test
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had presented that the gel-like precursors from Col-Ep2, 
to Col-Ep3, till Col-Ep4 were gradually exhibiting higher 
G′, G″, and tan δ, which indicated the increasing gel-like 
behaviors. The changes on rheological behaviors had pro-
vided another view to explain the rougher and tougher 
mechanical properties of sponges was that the increasing 
elasticity modulus. It indicated that the sponges cross-
linked by higher functional epoxides would have stronger 
ability to absorb and store outside energies and remain 
intact structures to avoid releasing energy by breaking 
interior structures.

3.3  Durability and cross‑linking degrees
The multi-functional epoxides were believed to be the 
ideal alternative of glutaraldehyde back last century, 
one of the reasons was that the epoxides could effi-
ciently enhance the thermal and enzymatic stabilities 

of target tissues. Such enhancements mattered to tissue 
engineering because the sufficient durability meant the 
long enough service life under the harsh physiological 
conditions.

Figure 6 presented the residual weight percentages and 
corresponding appearance of sponges at different time 
points during the degradation process using 5 U/mL col-
lagenase at 37  °C for 24  h. It can be seen that the pure 
collagen sponge could barely resist the enzymatic degra-
dation that had lost its shape at the beginning and been 
almost totally degraded after 24 h. On the contrary, the 
epoxides cross-linked sponges had survived the enzy-
matic degradation much better, lost much less weight 
and remained their intact shapes. The Col-Ep2L, who had 
the lowest cross-linking degrees, had still maintained its 
structural integrity even been degraded more than 60%. 
In the case of maintaining basic shapes, the degradation 

Fig. 4 The reversible compressibility and the corresponding compression curves of sponges in water
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rates among different sponges had considerable differ-
ence, as shown in Fig. 6, that only less than 25% of Col-
Ep4 was degraded while only about 30% of Col-Ep2L was 
residual. These results demonstrated that the multi-func-
tional epoxides could achieve the regulation of enzymatic 
degradation rates of cross-linked sponges, which pro-
vided a hope to meet the practical requirements flexibly 

as the tissue engineering scaffolds. For instance, it would 
be better for the collagen-based scaffolds used for skins 
to be degraded and absorbed in a few weeks [41], yet 
when it came to bone-related applications, the scaffolds 
would be expected to last for months [42].

The degree of cross-linking could provide the theo-
retical basis to illuminate the difference in structures, 
stabilities, and mechanical behaviors among sponges. 
The thermal stability, which was represented as shrink-
age temperatures or denaturation temperatures accord-
ing to the state of collagen-based materials, was a direct 
and convenient way to estimate the cross-linking degrees 
[24]. Figure 7a had shown the denaturation temperatures 
of sponges, and the untreated collagen was added as ref-
erence. It can be seen that the denaturation temperature 
of Col-Ep4 could reach 75.3  °C, and Col-Ep3, Col-Ep2, 
and Col-Ep2L were gradually lower to 69.9  °C, 68.4  °C 
and 66.4  °C respectively, which were all higher than 
63.9 °C of pure collagen. Corresponding to the structures 
of epoxides, it can be seen that the higher functionalities 
of epoxides could bring higher denaturation tempera-
tures to sponges, which also suggested the higher cross-
linking degrees. Meanwhile, the lower denaturation 
temperature of Col-Ep2L than Col-Ep2 demonstrated 
that the longer backbone of epoxides would lead to the 
rather low cross-linking degrees, which was agreed with 
the deductions based on the morphologies of sponges 

Fig. 5 a The compressive stress–strain curves of the gel-like precursors and the corresponding compressive modulus evaluated by the range 
of stress–strain curves from 0 to 40% with  R2 > 0.99; b The appearance of the gel-like precursors during the compressive test; c The rheological 
properties of the gel-like precursors, including the storage modulus (G′), loss modulus (G″), and the loss tangent (tan δ)

Fig. 6 The residual weight percentages and appearance 
of cross-linked sponges at each time point, the degradation 
was processed in 5 U/mL type I collagenase in PBS solutions 
(pH = 7.4) at 37 °C for 24 h
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and swelling behaviors of gel-like precursors. Combined 
with the structures of sponges, the higher cross-linking 
degrees could establish the tighter cross-linking con-
nections among collagen molecules and form the com-
pacter cross-linking networks in sponges, reflected 
as the stronger ability to resist thermal or enzymatic 
degradations.

The TNBS assay was introduced to evaluate the con-
sumption of amino groups on the side chains of collagen 
molecules, which was also a common approach to quan-
tify the cross-linking degrees. The results were shown 
in Fig. 7b and corresponding denaturation temperatures 
and enzyme degradation degrees were used for compar-
ison, and the reaction scheme was presented in Fig.  7c. 
It was interesting to find that the consumption rates of 
amino groups were not fit with cross-linking degrees 
expressed as stabilities. The modification rates of Col-
Ep2L and Col-Ep4 were similar; they were also the weak-
est and strongest sponges, respectively, according to the 
mechanical properties, thermal and enzymatic stabilities.

It was obvious that the actual cross-linking degrees 
depended on the functionalities and backbone lengths 
of multi-functional epoxides. The similarity between the 
epoxides used for Col-Ep2L and Col-Ep4 was the rather 
long backbones, while the backbone lengths of epoxides 
used for Col-Ep2 and Col-Ep3 were closer. The corre-
sponding was that the amino modification rates of Col-
Ep2L and Col-Ep4 were lower than that of Col-Ep2 and 
Col-Ep3, which indicated that the long backbones of 
epoxides would reduce the binding amounts of epoxide 
molecules with collagen molecules. However, the higher 
functionalities could made up the disadvantages brought 
by long backbones, as assumed by the swelling behaviors 
of gel-like precursors. Although the backbone lengths 
of epoxides used for Col-Ep2, Col-Ep3, and Col-Ep4 
were gradually increased, the denaturation temperatures 
among corresponding sponges were also increasing along 

with the increasing functionalities of epoxides. In fact, 
there were both grafting and cross-linking reactions that 
happened between collagen molecules and epoxide mol-
ecules, that the epoxide molecules had to grafted to colla-
gen molecules first and then linked to the other collagen 
molecules and formed effective cross-linking bonds. It 
could be speculated that there were only a certain pro-
portion of grafted cross-linker molecules that could fur-
ther cross-link to the other collagen molecules, so that 
the higher binding amount could provide more chances 
to form cross-linking bonds. The long backbones of epox-
ide used for Col-Ep2L had reduced the binding amount 
according to the results of TNBS, so that the final effec-
tive cross-linking bonds were less than that of Col-Ep2 
and led to relatively weaker performance of Col-Ep2L. 
As for Col-Ep4, the higher functionalities of epoxides had 
provided much more chance to form cross-linking bonds 
and improved the proportion of cross-linked epoxide 
molecules, so that Col-Ep4 had the highest cross-linking 
degrees and best performances.

3.4  In vitro cytocompatibility evaluations
The quantitatively analysis of the proliferation of L929 
fibroblasts based on the CCK-8 method was used to eval-
uate the in vitro cytocompatibility of sponges and exhib-
ited as the OD values at day1, day3, and day5 in Fig. 8a. 
The gradually increased OD values demonstrated that 
the good promotions of sponges to cell proliferation that 
affirmed the basic security to be utilized in biomedical 
occasions.

The CLSM images after 3  days culturing of L929 
fibroblasts were shown in Fig.  8b and it can be seen 
that the number of cells of Col-Ep2 and Col-Ep2L were 
higher, while Col-Ep3 and Col-Ep4 had attached much 
fewer cells. It can be assumed that the high cross-link-
ing degrees might lead to the stronger mask effects of 
epoxide molecules on the RGD sequence of collagen 

Fig. 7 a The DSC curves of sponges; b The amino modification rates of sponges measured by TNBS assay and corresponding denaturation 
temperatures and residual weights after enzymolysis; c The reaction scheme between epoxides and collagen molecules
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molecules for fibroblasts to identify. Besides, the more 
intensive porous structure of Col-Ep3 and Col-Ep4 
shown in Fig. 1 might reduce the available physical adhe-
sion sites for cells. Still, after 5 days culturing, the SEM 
images in Fig. 8c had confirmed that the reduced number 
of cells could be barely associated to any potential cyto-
toxicity, considering that the fibroblasts had fully covered 
the seeding areas of all sponges. Furthermore, the cells 
attached to the sponges had the filling shapes and many 
of them had covered with vesicle, which promoted the 
normal metabolism and function of fibroblasts [43].

4  Conclusion
In present work, the multi-functional epoxides were 
applied on collagen to establish the collagen sponges 
for tissue engineering. With the help of the functionali-
ties and backbone lengths of epoxides, the sponges had 
achieved the tunable porous structure with wide ranges 
of pore sizes and the versatile mechanical proper-
ties and stabilities. The present works also verified the 
direct relations of the microstructure and mechanical 

behaviors between the gel-like precursors and final 
sponges. Furthermore, the sponges had the similar 
in  vitro cytocompatibility that ensure the maximum 
general applicability for tissues engineering. Overall, 
the potentials and theoretical foundations of multi-
functional epoxides have been explored and promoted 
from the natural animal tissues to the artificial colla-
gen-based biomaterials, which were also given great 
hopes to help the development of customizable colla-
gen-based biomaterials for wider fields.
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