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Improving the crosslinking of collagen 
casing and glutaraldehyde by facilitating 
the formation of conjugate structure via pH
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Abstract 

Glutaraldehyde (GTA) crosslinking is commonly used to improve the thermal stability and mechanical strength of col‑
lagen casings. The aim of this research was to determine the optimal pH of the crosslinking between GTA and col‑
lagen as well as the crosslinking mechanisms. The weakly alkaline environment could facilitate the generation of GTA 
polymerization through the rapid generation of -C = C-C = O and -N = C-C = C- conjugated structures, and enhance 
the crosslinking reaction of GTA polymers with collagen amino groups. In the pH range of 8–10, the fibril diameter 
and d-space value declined significantly in the self-assembled collagen fibril-GTA system. Meanwhile, collagen casing 
films crosslinked with GTA in weakly alkaline conditions exhibited higher mechanical strength and thermal stability. 
These results suggest that the crosslinking of collagen casings and GTA can be improved by adjusting the pH. Possible 
crosslinking mechanisms related to the formation of conjugated long chains have also been proposed. This study 
could provide guidance on the appropriate use of GTA in the production process of collagen casings.
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1  Introduction
Collagen-based materials display great potential in vari-
ous fields such as food engineering [1], biochemistry [2], 
tissue engineering [3, 4] and smart materials area [5]. 
Glutaraldehyde  (GTA) is an effective collagen crosslink-
ing agent [6, 7]. GTA or its polymers can react with 
several functional groups in proteins, such as ε-amino 
groups, N-terminal amino groups of peptide chains, 
primary amines, imines, amides and hydroxyl groups 
[8]. It has been used to improve the mechanical proper-
ties [9], thermal stability [9, 10] and hydrophobicity [11] 
of collagen-based materials. Particularly, GTA has been 
approved for use in collagen casing by FDA for improving 
mechanical strength and thermal stability [12].

Early researchers believed that the GTA crosslinking 
reaction occurred to form a Shiff base between GTA and 
a free amino group [13]. However, more recent studies 
had found that the reactions and crosslinking effects are 
diverse [14, 15]. For instance, the reactivities of ε-amino 
groups, N-terminal amino group and primary amines 
with GTA are different, which cause GTA to have dif-
ferent reactions with proteins containing various amino 
acids. For example, GTA had shown higher reactivity 
with lysine [8, 16]. GTA mainly crosslinks with lysine 
residues in collagen [17, 18], and there are as many as 12 
possible reaction mechanisms reported in literature [7]. 
Moreover, GTA concentration, crosslinking time [10, 
17], temperature and pH value [15, 19] also affected the 
crosslinking reaction.

Previous studies had shown that pH had a large effect 
on the reaction between GTA and collagen or gelatin 
[20, 21]. Firstly, the form of GTA in aqueous solution 
is affected by pH, with GTA changing from monomer 
to polymer for an increase in pH [14, 22]. Secondly, pH 
affects the degree of collagen swelling and the integrity of 
the triple helix structure [23]. Finally, pH can also affect 
the charge on amino acid residues. A previous study 
found that amino protonation of lysine residue affected 
the crosslinking reaction [24]. Moreover, Schiff bases 
become unstable at low pH [25] and this can affect the 
crosslinking reaction. In the production process of colla-
gen casings, the pH value varies greatly depending on the 
process steps. It is necessary to investigate the optimum 
pH and reaction mechanism of the crosslinking reaction 
between GTA and collagen to determine the GTA adding 
approach.

There are still questions about the optimal pH for 
crosslinking between GTA and collagen. A previous 
study found that the optimal pH for GTA crosslinked 
gelatin film was around 4.5 [26]. It has been found that 
the encapsulation efficiency of gelatin-GTA microcap-
sules was higher under acidic conditions [27]. Another 
study on collagen crosslinked with GTA at various pH 
values showed that collagen fibers changed from unor-
dered to more ordered structures at a pH of 10 [18]. 
For other proteins, such as soy protein, GTA had been 
shown to be a better crosslinker under weak alkaline 
conditions [28, 29].
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GTA also exists in several different molecular forms 
in aqueous solution, depending on solution conditions 
such as pH, concentration and temperature. Thirteen 
possible forms of GTA had been reported in litera-
ture, including free aldehydes, cyclic hemiacetal, cyclic 
hemiacetal oligomers and various hydroxyaldehyde 
polymers. Various reaction pathways were reported 
between GTA and protein based on different forms of 
GTA [14]. Early studies used ultraviolet spectroscopy 
and light scattering methods to analyze the existing 
forms of GTA in aqueous solution, but these methods 
were not sufficient to discriminate between different 
forms [30, 31]. Zuo et al. [32] found strong fluorescence 
of GTA in solution and used it to determine the molec-
ular structure of GTA. Therefore, ultraviolet absorption 
combined with fluorescence emission could be used to 
determine the GTA forms and crosslinking mechanism. 
Previous studies have simulated the reaction between 
GTA and collagen at different pH values and proposed 
some reaction mechanisms [14, 24]. However, these 
mechanisms lack validation.

Due to the complexity of collagen-GTA crosslinking 
and the lack of relevant research, there are several issues 
that need to be addressed. For instance, studies have pri-
marily focused on macroscopic characteristics, with lim-
ited observations of collagen fiber visualization and an 
incomplete understanding of collagen molecular mecha-
nisms. In this study, we investigated the crosslinking of 
collagen casing films as well as single collagen fibers with 
GTA at different pH conditions to investigate the optimal 
pH. Meanwhile, existence forms of GTA and the reac-
tion products of GTA with amino groups at different pH 
were further investigated to determine the crosslinking 
mechanism.

2 � Materials and methods
2.1 � Materials
Bovine corium was obtained from Beijing Qiushi Agri-
culture Development Co., Ltd. (Beijing, China). Pepsin 
was obtained from Sigma-Aldrich (Shanghai, China) 
and N-amylamine was obtained from Anpel (Shanghai, 
China). GTA (25% aqueous solution), phosphate buff-
ered saline (PBS), acetic acid, hydrochloride and sodium 
hydroxide were obtained from Sinopharm (Shanghai, 
China). Tris-Glycine-SDS buffer solution, Coomas-
sie Blue (G-250), acrylamide, timethylol aminomethane 
buffer, sodium dodecyl sulfate (SDS), ammonium per-
sulfate, tetramethylethylenediamine, monopotassium 
phosphate, disodium hydrogen phosphate and potassium 
chloride were obtained from J&K scientific (Shanghai, 
China). The 10–250 KDa markers were obtained from 
Biocomma (Shengzhen, China).

2.2 � Collagen film preparation and characterization
Collagen was extracted from dermal bovine tissue and 
pressed into films according to previous studies [33, 34]. 
After neutralization with ammonia, films were subse-
quently crosslinked in GTA solutions (50 ppm, w/w) for 
30 min at pH of 3.0, 4.5, 6.0, 7.0, 8.5 and 10.0 (designated 
as GTA group). Samples without GTA crosslinking at 
various pH values were designated as the control group. 
Then films were soaked in plasticizer solution (4% w/w 
glycerol solution) for 25  min and removed and dried in 
a 30 °C oven for 24 h. The dried sample was equilibrated 
in a constant temperature and humidity tank (25 °C, 52% 
relative humidity (RH)) for 72 h before tests.

Heating shrinkage rate, tensile strength (wet and boiled 
1 min) and swelling ratio were determined following the 
previous reported methods [34].

Fluorescence images of cross-linked collagen casings 
were acquired using a fluorescence microscope (80i, 
Nikon Co., Ltd., Japan). Collagen films without crosslink-
ing at the same pH conditions were used as control and 
adjusted to be non-fluorescent.

2.3 � Analysis of existing GTA forms in PBS solution
2.3.1 � Ultraviolet (UV) spectrometry
PBS solutions (0.2 mol/L) were prepared with pH varying 
from 4 to 10 (4, 5, 6, 7, 8, 9 and 10). GTA was introduced 
to each PBS solution with the final GTA concentration 
reaching 50  mg/L. Sample solutions were incubated for 
30 min, 12 h, 24 h and 48 h and then transferred into a 
quartz cell in a UV spectrophotometer (UV2450, Shi-
madzu, Kyoto, Japan). Samples were then measured 
from 200 to 400  nm. Samples were labelled as G-pH 
value-time.

2.3.2 � Fluorescence emission spectrometry
Fluorescence measurements were determined accord-
ing to the method described by Zuo et  al. [32], with 
slight modifications. The same GTA solutions used for 
UV spectroscopy (see Section  2.3.1) were also used for 
fluorescence spectroscopy. Analyses were performed 
via emission spectrometry (F-7000, Hitachi, Tokyo, 
Japan) from 430 to 600  nm. The excitation wavelength 
was 410  nm. Parameter values of excitation band and 
emission band were all 10  nm. The data were collected 
at 0.5  nm intervals. Samples were labelled as G-pH 
value-time.

2.4 � Analysis of existing GTA forms in n‑amylamine ‑ GTA 
model system

PBS solutions (0.2  mol/L) were first prepared with 
pH varying from 4 to 10 (4, 5, 6, 7, 8, 9 and 10). GTA 
(50  mg/L) and n-amylamine (0.1  mmol/L) were then 
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added to the solutions. UV spectrometry and fluo-
rescence emission spectrometry were used to char-
acterize the solutions based on methods described in 
Sections 2.3.1 and 2.3.2. Samples were labelled as GN-pH 
values-time.

2.5 � Collagen extraction
Collagen was extracted from bovine corium [35]. Bovine 
corium cubes were thawed at ambient temperature and 
mixed with ice cubes at the ratio of 1:2.5 (corium cubes: 
ice). The sample was mixed using high-speed shearing 
(DFY-200C, Linda Machine, China) for 10  min. Then, 
0.5  mol/L acetic acid (20 times corium pulp weight, 
w/w) and pepsin (2% of the corium pulp weight, w/w) 
were added to the bovine corium pulp. The final pH of 
the mixed solution was adjusted to 2.5 and the pulp was 
stirred at 4 ℃ for 24  h. The solution was centrifuged 
(10,000 r/min) at 4 ℃ for 20  min. The supernatant was 
then precipitated by adding NaCl to 2.0  mol / L. The 
sample was centrifuged (10,000 r/min) again at 4 ℃ for 
20 min and the precipitate was collected. Next, the pre-
cipitate was dissolved in 0.5  mol/L acetic acid and the 
desalting purification procedure was repeated one more 
time. The resulting collagen solution was dialyzed by 
using an 8000–14000  MW dialysis bag at 4 ℃ for 48  h. 
The deionized water was replaced every 6 h. The dialyzed 
collagen solution was lyophilized and stored at 4 ℃.

2.6 � Structure analysis of extracted collagen
2.6.1 � Attenuated total reflectance‑Fourier transform infrared 

spectroscopy (ATR‑FTIR)
The chemical properties of lyophilized collagen were 
characterized by using a FTIR spectrometer (Nicolet IS 
50, Thermo Electron, USA) in ATR mode. Background 
scanning was applied prior to each test. Each spectrum 
contained 32 scans from 800 to 4000 cm−1 at a resolution 
of 4 cm−1.

2.6.2 � Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS‑PAGE)

SDS-PAGE was performed according to the method 
of Sun [36]. Lyophilized collagen was first dissolved in 
0.1  mol/L of acetic acid to make a 1  mg/mL solution, 
diluted and mixed with Tris-Glycine-SDS buffer solu-
tion at a ratio of 3:1 collagen solution to buffer solution. 
The mixture was boiled for 5 min and then centrifuged 
at 10,000  rpm for 5 min. The supernatant (10 μL) was 
loaded onto the gel. A 10% resolving gel and 4% stack-
ing gel were used in the tests. The ingredients are 
shown in Table  1. Gel electrophoresis (Mini Protean 
Tetra, bio-rad, USA) was then used to separate the pro-
teins. The polyacrylamide gel was dyed with Coomas-
sie Blue (G-250) for 2  h and rinsed with water. A gel 

imaging system (ChemiDoc XRS+, bio-rad, USA) and 
molecular weight markers (10–250 KDa) were used to 
determine the molecular weights of the proteins.

2.7 � Analysis of collagen self‑assembly
The self-assembly of collagen was determined accord-
ing to the method of Yan et  al. [37]. The lyophilized 
collagen was first dissolved in 0.5  mol/L acetic acid 
solution (5 mg/mL collagen) and intermittently stirred 
at 4℃ for 30 min. The sample was centrifuged (10,000 
r/min) at 4℃ for 20 min to obtain a supernatant solu-
tion. The concentration of collagen solution was diluted 
to 1 mg/mL with PBS solution (10 mmol/L of monopo-
tassium phosphate, 30  mmol/L of disodium hydrogen 
phosphate and 20  mmol/L of potassium chloride) and 
1 mol/L of disodium hydrogen phosphate solution at a 
volume ratio of 2:7:1 (collagen solution: PBS solution: 
disodium hydrogen phosphate solution). The beaker 
with the resulting mixture was placed into an ice slurry 
to keep the collagen stable. The start of collagen self-
assembly was triggered by putting the mixture solution 
into a 37℃ thermostatic water bath. 2  mL of collagen 
solutions were taken out at different times and analyzed 
using the ultraviolet spectrophotometer at a wave-
length of 313 nm (Fig. S1).

2.8 � Collagen fibril crosslinking with GTA​
The self-assembled collagen fibril solution (2  mL) was 
diluted to 18 mL using 50 mmol/L PBS solutions (pH of 
4–10). The pH of the mixture was adjusted back to the 
original pH of the PBS solution by using hydrochloride 
acid and sodium hydroxide. Crosslinking started when 
GTA (50  mg/L) was added to the solutions. The sam-
ples were tested after crosslinking for 30 min, 12 h, 24 h 
and 48 h. Samples with GTA crosslinking were denoted 
as GTA-pH value. Samples without GTA crosslinking 
were denoted as con-pH value.

Table 1  Composition of resolving and stacking gel

Component 10% resolving gel 
(mL)

4% 
stacking 
gel (mL)

Deionized water 4 3

Acrylamide (30%, 29:1) 3.3 0.67

1 mol/L Tris (pH 6.8) - 1.25

1.5 mol/L Tris (pH 8.8) 2.5 -

10% SDS 0.1 0.05

10% ammonium persulfate 0.1 0.05

Tetramethylethylenediamine 0.004 0.005
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2.9 � Structure analysis of collagen fibril
2.9.1 � Atomic force microscopy (AFM)
Drops of the solution containing diluted self-assembled 
collagen fibrils were placed on a glass slide. A rubber 
gasket was used to secure and trap the liquid sample. An 
AFM (Dimension FastScan, Bruker, Germany) with a sur-
face morphology probe was used to examine the sample 
at 25℃ with the setting of mapping mode and 3 × 3 μm2 
scan size.

2.9.2 � Field emission scanning electron microscopy (FESEM)
An aliquot (10 μL) of the collagen fibril solution was 
placed onto a silicon wafer. The sample was dried at 30℃ 
for 24 h in a water-proof constant temperature incubator 
(GHP-9160D, Shanghai, China). The sample was rinsed 
with deionized water before the drying process. Next, 
the dried silicon wafer containing the sample was sputter 
coated with Au/Pd. An FESEM (SU8100, Hitachi, Japan) 
was used to examine the morphology of the collagen 
fibrils under 3 kV accelerating voltage. Image J was used 
for photo editing.

2.9.3 � Small‑angle X‑ray scattering (SAXS)
SAXS (SAXSpoint2.0, Anton Paar, Austria) was used to 
determine the structure of the collagen fibrils. The volt-
age was 50  kV, the current was 40  mA and the λ was 
0.154  nm. The measure distance was set at 600  mm 
and data were collected for 10  min. Each sample was 

tested in triplicate and data were processed using Fit2D 
and SGI. The D-spacing can be calculated by equation 
D = 2π/q. Value of q is the distance between intensity 
peaks [38, 39].

3 � Results
3.1 � Crosslinking effects of GTA with collagen films 

at different pH values
Collagen fibrils shrink under hydrothermal conditions 
[40] and the shrinkage temperature and shrinkage rate 
of collagen films can macroscopically reflect the degree 
of crosslinking [34]. With no GTA crosslinking (Fig. 1a), 
the shrinkage rates were compared at various pH values. 
The shrinkage rates reached a plateau at around 65 ℃ and 
did not increase with an increase in temperature. How-
ever, the GTA crosslinked samples showed a different 
behavior (Fig.  1b). Most samples showed a significantly 
lower shrinkage rate at around 65 ℃ compared to the 
non-crosslinked samples. The shrinkage rate gradually 
decreased in value at higher temperatures without show-
ing a plateau temperature. The samples with a pH of 8–10 
showed larger decreases in shrinkage rates compared 
with the others. The shrinkage rate also decreased in the 
pH 4 samples. That could be related to the destruction of 
collagen fiber structure. It has been demonstrated in the 
literature that collagen is less thermally stable and more 
susceptible to thermal denaturation at lower pH values 
[41]. Similarly, at the pH range of 8–10, the crosslinked 

Fig. 1  Properties of GTA crosslinked and non-crosslinked collagen films at different pH values: a shrinkage rate of non-crosslinked collagen films, b 
shrinkage rate of GTA crosslinked collagen films and c swelling ratio, d wet tensile strength, e boiled tensile strength
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collagen casing films achieved greater increases in 
mechanical properties (Fig.  1d, e). These indicated that 
the samples at a pH of 8–10 had greater crosslinking.

The swelling ratio is water absorption rate of the col-
lagen casing film after boiling, which reflects the water 
resistance of collagen [34]. Figure 1c shows the swelling 
ratios of collagen films with and without GTA crosslink-
ing at different pH values. At pH 4, the absolute value 
of the swelling rate was higher, probably due to the iso-
electric point of collagen being further away from 4. 
Studies have shown that the isoelectric point of collagen 
I with complete structure is between 6.7–7.9 [42, 43]. 
For crosslinked samples, the GTA reacted with hydro-
philic amino groups that caused a decrease in the swell-
ing ratios for all samples. This indicated that crosslinking 
occurred at all pH values. However, both the shrink-
ing rate and tensile strength results indicated that more 
crosslinking occurred under weakly alkaline conditions.

3.2 � Crosslinking effects of GTA with collagen fibrils 
at different pH values

The effect of pH on the crosslinking of single collagen 
fibrils with GTA was further observed. Collagen with 
high integrity triple helix structures can self-assemble 
in  vitro, unlike gelatin and hydrolyzed collagen. Figure 
S1 shows the line graph of the dynamic self-assembly of 
collagen in vitro. Absorbance became stable after 80 min 
when incubated at 37℃, indicating the self-assembly pro-
cess had been completed [44]. Complete collagen triple 
helix structure extracted from bovine dermis is shown in 
Fig. 2a. The peak intensity ratio of A1240/A1450 is associ-
ated with the integrity of the triple helix structure [45]. 
The A1240/A1450 ratio for the extracted collagen was 
determined to be 0.98, which indicated high integrity of 
the collagen triple helix structure [46] and could be used 
for the crosslinking experiments.

The SEM micrographs of non-crosslinked and GTA 
crosslinked collagen fibrils are shown in Fig.  2b and c, 
respectively. In the non-crosslinked group, the sample 
at pH of 4 contained several small fibril sections and 
relatively few fully formed fibrils. An increase in pH led 
to the formation of fibrils with higher integrity and the 
appearance of typical fibril structures. In the crosslink-
ing group, after GTA treatment for 30 min, the collagen 
fibrils became more stereoscopic, which may be due to 
the increased rigidity of the fibers after crosslinking. In 
addition, Table  2 shows the diameters of the collagen 
fibrils. There was no radial shrinkage of collagen fibers 
after GTA immersion at pH 4–5. Collagen fibrils shrunk 
22.0–33.3% in diameter after treatment at pH 6–7. As for 
pH 8–10, however, the collagen fiber diameter shrinkage 
reached 37.6–38.0%. This may indicate that the crosslink-
ing between collagen and GTA is more reactive at pH 

8–10, which is consistent with the appearance of the col-
lagen casing film.

3.3 � Collagen fibril SAXS analysis
SAXS analysis can be used to investigate structures rang-
ing from 1–100  nm and be used to help understand 
hydration, orientation and D-periodicity of collagen in 
the crosslinking process [38, 47]. The 2D SAXS diffrac-
tion images of GTA crosslinked and non-crosslinked 
samples are shown in Fig.  3, and the D-periodicity of 
each sample was calculated based on Fig. S2. No clear dif-
fraction rings could be observed in the sample at a pH of 
4 since the collagen fibrils could have swollen too much 
and disrupted the crystal structure. The D-periodicity of 
collagen fibrils varied between 63.69 and 65.82  nm for 
the non-crosslinked group. These results were consistent 
with the d-spacing results found by Sizeland et al. during 
leather preparation [48].

The d-space values of cross-linked collagen samples at 
pH 5–7 were greater than 63.69 nm. In comparison, sam-
ples with a pH greater than 8 had d-space values lower 
than 63.69  nm, indicating axial packing had occurred 
in the fibrils. Also, the diffraction peak intensities for 
crosslinked samples with a pH greater than 8 were sig-
nificantly lower than those of the non-crosslinked sam-
ples. This might be due to the conjugated double bonds 
formed by alkaline crosslinking that interfered with the 
electron density cloud between collagen molecules. 
Although the crosslinked samples had lower peak inten-
sity than the non-crosslinked samples, their diffraction 
peaks corresponding to the collagen d-spacing can still 
be observed in the diffraction curves (Fig. S2).

3.4 � Existing GTA forms in solutions with different pH 
values

Possible existing forms of GTA in solution include mono-
mer, hemiacetal, oligomer and polymer. GTA hydroxy 
aldehyde polymer has a strong ultraviolet absorption 
[22, 49], with the maximum absorption wavelength of 
235  nm. This corresponds to the π → π* transition of a 
conjugated ethylene double bond [50, 51]. The molar 
absorption coefficient of GTA free monomer is about 
1,000 times smaller than that of hydroxyaldehyde poly-
mer, so there is only weak absorption at 280  nm [22]. 
The UV absorption of the acetal and hemiacetal forms 
of GTA have not been reported in literature. Therefore, 
UV absorption can be used to characterize the changes in 
amounts of hydroxy aldehyde polymer with pH.

Figure  4 shows the ultraviolet absorption spec-
tra of GTA solutions at different pH values over 48  h. 
Within 30  min, each GTA solution showed a charac-
teristic absorption peak at 235  nm, which was due to 
the presence of unsaturated polymer impurities. The 
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Fig. 2  a Extracted collagen structure and its self-assembly. Collagen fibers microstructures: b non-crosslinking group and c crosslinking group
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GTA solution with pH of 4 showed the most stable 
spectrum over time, with the absorption peaks show-
ing no significant changes. In acidic and neutral solu-
tions (pH of 5–7), the unsaturated polymer absorption 
peak (235 nm) slightly increased with time. In alkaline 
solutions, the absorbance peak at 235 nm significantly 
increased in value with time. This indicated that the 
GTA molecules may undergo aldol condensation reac-
tions under alkaline conditions to form an unsaturated 

polymer with the structure of -C = C-C = O. After 48 h 
(Fig. 4d), the absorption peak of the sample at a pH of 
10 was significantly blue shifted, indicating that the 
degree of conjugation increased over time.

Molecules with conjugated π-π structure normally 
provide strong fluorescence signals. The GTA mono-
mer is a 5-carbon dialdehyde that does not fluoresce 
since the energy required for an n → σ* electronic tran-
sition is high. Nevertheless, polymerized GTA forms 
have conjugate structures of C = C and C = O, enabling 
electronic transitions of π → π* and n → π* [32]. Strong 
fluorescence signals can be detected in polymerized 
GTA with extended conjugate structures.

Figure  5 presents fluorescence emission spectra of 
GTA solutions with different pH values over 48  h. 
A peak at 478  nm was detected in all GTA solutions 
at short incubation time. This peak might be due to 
small amounts of polymerized GTA in the samples. An 
increase in peak intensity only occurred at longer times 
for the GTA solution with a pH of 10. This might be due 
to the limited GTA polymerization occurring under 
acid/neutral conditions.

From the ultraviolet absorption and fluorescence 
results, alkaline conditions are more conducive to the 
polymerization of GTA and the formation of conju-
gated structures than neutral or acidic conditions.

Table 2  Diameters of collagen fibrils in non-crosslinking group 
and GTA-crosslinking group

Different superscripts indicate significant differences (P＜0.05)

pH Diameter (μm)

Non-crosslinking GTA-crosslinking

pH4 0.204 ± 0.024f 0.216 ± 0.017f

pH5 0.143 ± 0.015c 0.151 ± 0.041cd

pH6 0.174 ± 0.019e 0.137 ± 0.012c

pH7 0.177 ± 0.015e 0.118 ± 0.025b

pH8 0.176 ± 0.034e 0.109 ± 0.009ab

pH9 0.164 ± 0.024de 0.102 ± 0.011a

pH10 0.162 ± 0.018de 0.101 ± 0.014a

Fig. 3  SAXS diffraction patterns of collagen fibrils: a non-crosslinking group and b crosslinking group
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3.5 � Simulated crosslinking in model n‑amylamine‑GTA 
system

From previous studies, it is known that GTA and its poly-
mers may react preferentially with the amino groups in 
the lysine residues in collagen [8, 16–18]. However, since 
collagen is an insoluble macromolecule, characterizing 
the chemical reaction pathways from the molecular level 
faces difficulties. In the present study, we intend to use 
soluble n-amylamine to explore the possible pathways of 
GTA reaction with collagen tentatively.

N-amylamine was added to the GTA solutions to deter-
mine which GTA forms existed in a crosslinking system. 
Figure  6 shows the ultraviolet and fluorescence spec-
trometry results of the model systems with different pH 
values and incubation times. The GTA and n-amylamine 
sample with a pH of 10 showed a rapid increase in the 
absorbance peak at 235 nm after 30 min. The pH of the 
solution was the crucial factor in enhancing the rapid 
generation of conjugated structures. At longer incuba-
tion times, all samples showed an increase in peak inten-
sity, although the largest increases occurred under higher 
pH conditions (Fig.  6a). The blue-shift of the peaks for 
samples with pH values above 8 suggested an increase 
in the degree of polymerization. The samples contain-
ing n-amylamine showed larger increases in the peak 
intensity at 235  nm compared to the samples without 

n-amylamine. For instance, the GTA-n-amylamine sam-
ple at a pH of 10 had a peak intensity after 30 min that 
was double that of the GTA sample without n-amylamine 
(Fig.  4a). These results were consistent with a previous 
study, which found that the GTA polymerized more read-
ily with other GTA molecules when the sample included 
the formation of Schiff bases from the reaction between 
GTA and amino groups [30]. Similar results were 
obtained in the lysine-GTA model (Figure S3).

The fluorescence emission spectrometry results were 
similar to those from UV spectrometry and indicated 
the formation of C = C and C = O conjugate structures. 
In addition, a weak peak near 560  nm appeared when 
the crosslinking time was over 12  h (Fig.  6b). This has 
not been reported in previous studies. This peak did not 
appear in the GTA solutions without n-amylamine, and 
it might be related to the -N = C-C = C-conjugate dou-
ble bond generated by one of the GTA and amino group 
reactions.

These results indicated that both a high pH and the 
presence of amino groups are important elements for 
inducing conjugate polymerization in the GTA-n-amyl-
amine system. The possible conjugate structures should 
include -N = C-C = C- and -C = C-C = O. Hence, we pro-
posed a possible crosslinking mechanism of GTA with 
amino groups under weak alkaline conditions in Fig. 6c.

Fig. 4  UV spectra of GTA solutions with different pH values (pH of 4–10) and incubation time: a 30 min, b 3 h, c 12 h and d 48 h
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3.6 � Fluorescence microscopic observation of collagen 
casing films

Figure  7a shows the fluorescence microscopy images of 
collagen casing films after crosslinking at different pH. 
No obvious auto-fluorescence was found at pH 4. The flu-
orescence intensity gradually increased with the increase 
of pH. It can be speculated that -N = C-C = C- and 
-C = C-C = O conjugated double bonds are produced due 
to polymerization of GTA and reaction with collagen.

To summarize the results in this paper, the GTA 
hydroxyl aldehyde condensation reaction and the colla-
gen crosslinking are simultaneous and mutually reinforc-
ing when crosslinking under weakly alkaline conditions. 
It can be hypothesized that GTA polymers play an 
important role in the crosslinking reaction of collagen. 
Due to the long molecular chain of the polymer, inter-
molecular crosslinking can be generated thereby causing 
axial and radial stacking of collagen fibrils, enhancing the 
crosslinking effect. Figure  7b illustrates the crosslink-
ing reaction of collagen fibrils with GTA polymers 
under weak alkaline conditions. These may be the rea-
sons for the larger increase in mechanical strength and 
lower shrinkage of crosslinked collagen casings at pH 
8–10 (Fig. 1). It should be pointed out that Fig. 7b only 

provides one crosslinking reaction pathway under pH 
8–10 conditions, and this pathway may occur rarely 
at pH 4.0, but it does not mean that there are no other 
mechanisms. Moreover, even the reaction between lysine 
residues and GTA polymers possessing long molecular 
chains, the active sites are not exclusive, and some other 
possible reaction pathways are shown in Fig S4.

4 � Conclusion
In this work, we determined the optimum pH and the 
possible mechanism of pH-induced crosslinking changes 
between GTA and collagen casing films. In the pH range 
of 8–10, the crosslinked collagen casing films achieved 
greater increases in mechanical properties. Meanwhile, 
the shrinkage rate of collagen films crosslinked under 
weakly alkaline conditions was lower than that of films 
under acidic conditions, indicating greater degrees of 
crosslinking. Also, GTA crosslinked collagen showed 
decreases in fibril diameters and d-space values in weakly 
alkaline conditions. UV and fluorescence spectrometry 
results suggested that GTA polymers with -C = C-C = O 
conjugated structures were easily generated in GTA 
(50 ppm) solution at pH values greater than 7. The pres-
ence of n-amylamine also could lead to the generation 

Fig. 5  Florescence spectra of GTA solutions with different pH values (pH 4–10) and incubating times: a 30 min, b 3 h, c 12 h and d 48 h
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Fig. 6  UV spectra (Wavelength-Absorbance) and fluorescence spectra (Wavelength-Intensity) of n-amylamine-GTA model crosslinking solution 
with different pH values: a UV spectra and b fluorescence spectra. c Possible crosslinking mechanism of GTA and amino group under weak alkaline 
conditions
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of more conjugate structures. The fluorescence results 
of GTA-n-amylamine samples at a pH greater than 7 
indicated the presence of two conjugated structures 
at 478  nm and 560  nm, which may be corresponded to 
the GTA polymer (-C = C-C = O) and the reaction with 
amino groups (-N = C-C = C-), respectively. Similar fluo-
rescence enhancement phenomenon was found in the 
collagen casing films which was crosslinked at pH > 7 con-
dition, indicating the conjugated compounds in the films. 
Based on these results, we proposed a possible crosslink-
ing mechanism under weakly alkaline conditions. GTA 
could generate conjugated polymers with long molecu-
lar chains and react with intermolecular amino groups, 
causing densification of collagen fibers and increasing the 
degree of crosslinking of collagen casing films, resulting 
in higher thermal stability and mechanical strength.
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