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Abstract
Autolytic debridement can accelerate wound healing by removing necrotic tissue. 
A hydrogel was fabricated from an aqueous solution of gelatin, sodium alginate and 
carboxymethylcellulose sodium by radiation-induced cross-linking at room tempera-
ture, which was aiming at the application of debridement glue paste. The swelling 
ratio of the debridement glue paste is 30 times to its dry weight, when the weight 
ratio of gelatin/sodium alginate/carboxymethylcellulose sodium was 2:2:2 and the 
absorbed dose  was 20 kGy, with dose rate of 20 Gy/min. The extrusion and com-
pressive assay have confirmed that it possessed stable mechanical strength, and the 
weight ratio had little effect on the molecular structure by FTIR and TGA. Cell cul-
ture experiments demonstrated the debridement glue pastes with the cytotoxicity of 
grade 0 or 1 (biosafe). The debridement glue paste group could remove the necrotic 
tissue within 4  days and showed complete wound healing within 18  days; com-
paratively, the control group without treatment removed the necrotic tissue within 
10 days and showed complete wound healing within 26 days in animal experiments 
using rabbit scald model. Histologic analysis exhibited that more granulation tis-
sue was observed in debridement glue paste. The result of this study suggested that 
debridement glue pastes had excellent biocompatibility, could selectively remove 
necrotic tissue, induced granulation tissue formation and accelerated the wound 
healing.
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Introduction

Autolytic hydrogel can help to provide a moist wound environment and absorb 
wound exudate. The moist wound environment has shown benefit to little wounds 
by moistening necrotic eschars and facilitating their removal. Compared with the 
desiccated wound caused by air exposure, maintaining a moist wound environ-
ment has been shown to accelerate wound healing as much as 50% [1]. A hard 
crust and a desiccation of the underlying collagen matrix and surrounding tissue 
at the wound edge was developed of dry wounds. Keratinocytes are forced to bur-
row below the surface of the crust and desiccated matrix as they only can migrate 
over viable tissues that supply nutrients necessary for their survival for occurring 
of the reepithelialization. This process takes considerable energy and time [2]. 
In contrast, keratinocytes can migrate easily and allow the formation of a matrix 
with a large amount of growth factors and other properties conducive to heal-
ing when the wound maintains a moist surface. Sodium alginate was biodegrad-
able and dissolved in the exudate when it absorbed liquid swelling into gel; these 
functions had a significant effect on dry wound debridement, both to maintain 
a moist wound healing environment and to dissolve necrotic tissue and exudate 
together [3].

Polysaccharide polymers have the disadvantage of low stability and faster 
degradation in water. This could be avoided by introducing cross-linking in the 
system. To prepare debridement glue paste, several cross-linking methods have 
been developed. Radiation cross-linking is thought to be an ideal technique for 
preparing debridement glue paste without any cytotoxic additives. In this study, 
debridement glue paste was prepared by radiation cross-linking. Physical prop-
erties of the debridement glue paste such as the swelling behavior, mechanical 
strength and structural stability were investigated. Furthermore, the cytotoxicity 
was evaluated by the in vitro cell culture and the biocompatibility of the debride-
ment glue paste was preliminary studied by the necrotic tissue removal assay and 
wound healing assay using New Zealand rabbits as the experimental animal.

Experimental

Materials and animals

Gelatin was obtained from 300 g Bloom, porcine, Type A, from Sigma Chemi-
cal Co. Ltd.; sodium alginate from pharmaceutical grade, from Qingdao Bright 
Moon Seaweed Group Co. Ltd., China; carboxymethylcellulose sodium from 
pharmaceutical grade, from Xi’an Yue Lai Medical technology Co. Ltd., China. 
Transparent polyurethane (TPU) dressing (Tegaderm, from 3  M Co. USA) was 
used in the wound healing and necrotic tissue removal assays as control. All the 
other reagents used here were all of analytical or equivalent grade.
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Specified pathogen-free male or female young adult New Zealand rabbits 
(weighing about 2.5 kg) were used. The animals were fed specific standard labo-
ratory food, maintained under sterile housing conditions and housed individually.

Preparation of the debridement glue paste

The debridement glue paste was typically prepared as follows: firstly, gelatin/sodium 
alginate/carboxymethylcellulose sodium powders with a different weight ratio of 
2:1:3 (GAC2:1:3), 2:2:2 (GAC2:2:2) and 2:3:1 (GAC2:3:1) were dissolved in deion-
ized water at 50 °C with a continuous stirring for 12 min. The total polymer con-
centration was fixed to be 6%. For homogenization, the mixture was further blended 
by an ARE-310 hybrid mixer (Japan Thinky Co., Ltd.) for 10  min and deaerated 
for 10 min to form a homogenous polymer slurry. Subsequently prepared solutions 
were filled into test tubes (inner diameter 10 mm) or injector (the capacity of 5 ml) 
and subjected for γ-irradiation at a absorbed dose range of 20–40 kGy using a 60Co 
radiation facility, which was performed at room temperature at a dose rate range of 
20–100 Gy/min4.

Characterization of the debridement glue paste

Swelling behavior in deionized water and phosphate‑buffered saline solution

The debridement glue paste was squeezed from injector, the cylinders with diam-
eter of 0.5 mm and length of 20 mm, and then the samples were immersed in beak-
ers containing 100  mL deionized water or phosphate-buffered saline (PBS) solu-
tion (0.15 mol  L−1, pH = 7.2) at 37 °C. After soaking for desired time interval, the 
samples were withdrawn from the solution, gently removed surface solution by filter 
paper. The degree of swelling was calculated using Eq. (1). Three parallel samples 
were measured to achieve an average value.

where m1, m2 represent weight of the sample before and after swelling and 6% repre-
sents the polymer concentration in the debridement glue pastes, respectively.

Mechanical strength

The compressive assay The compressive strength of samples was tested by the tex-
ture analyzer (TA.XT Plus, Stable Micro Systems, L td. UK). The cup (the capacity 
of 100 ml) was firmly fixed on the sample stage. And samples were not moved from 
the cup, and it was ensured that the height of the samples was identical by cutting 
at least 3 cm away from debridement glue paste surface. The flat plate probe (P/0.52 
Delrin cylinder probe) with 5 cm of diameter was attached to the sample surface and 
moved downward vertically. The testing was performed with the pretest speed of 

(1)Degree of Swelling =
m2

m1 × 6%
× 100%
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3.0 mm/s, the test speed of 1.0 mm/s, the post speed of 3.0 mm/s and the drop height 
of 3 cm, respectively. The test is repeated 6 times.

The extrusion assay The extrusion of samples was tested by a texture analyzer (TA.
XT Plus, Stable Micro Systems, Ltd., UK). The injector (the capacity of 5 ml) with 
sample was fixed on a sample stage. The flat plate probe (P/0.36 Delrin cylinder 
probe) with the diameter of 3 cm was attached to the injector ram and to move ver-
tically [5, 6]. The testing conditions were consistent with that described above in 
2.3.2.1. The test is repeated 6 times.

Fourier Transform Infrared Spectroscopy (FTIR)

The debridement glue paste was lyophilized and ground to fine powders. Fourier 
transform infrared spectroscopy (FTIR) analysis was performed using an FTIR spec-
trometer (Nicolet iNIO MX, Thermo Fisher Scientific, America). The scanning was 
performed with a resolution of 0.4 cm−1 and a range of 650–4000 cm−1. The number 
of scans was 16.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using the SDT Q600 (V20.9 
Build 20) instrument, Nitrogen atmosphere flow rate 100  ml/min, temperature 
25–600 °C, heating rate 20 °C/min.

In vitro cytotoxicity test (MTT assay)

Cell culture

Briefly L929 fibroblasts cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplied with 10% FBS and 1% penicillin/streptomycin and incubated 
at 37  °C and 5%  CO2. The cells were detached by trypsin–EDTA when the cells 
attained 80% confluence.

Cytotoxicity of the debridement glue paste extract [7, 8]

Based on the guideline of ISO 10993–5, the vitro cytotoxicity of the debridement 
glue paste was evaluated using the MTT assay. The extraction media were prepared 
in a standard culturing condition, and the sterilized debridement glue paste was 
incubated in a DMEM serum free medium with a weight/extraction medium ratio 
of 0.2 g/ml for 24 h. Subsequently, the mixture of DMEM and the debridement glue 
paste was filtered (0.22-ul sterile filter) and the fluid was withdrawn as the extrac-
tion medium. The extraction was diluted with DMEM medium to obtain extrac-
tion medium samples with concentration of 1, 0.5 and 0.1% (relative to the original 
extracts) before cytotoxicity testing. DMEM medium and 10% DMSO dissolved in 
the DMEM medium were used as negative and positive controls, respectively [9]. 
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L929 cells were incubated in a 96-well cell culture plate at a density of 1 × 104 cells 
per well for 24  h. Then, the culture medium was removed and replaced with the 
prepared extraction medium and incubated for 72 h. Then, 10 ul MTT (5 mg/ml in 
PBS) was pipetted into each well and incubated for 4 h at 37 °C, then 100 ul SDS 
solution was added to each well followed by a 15-min oscillation. The absorbance 
was measured using a microplate reader (Bio-RAD680) at dual wavelength (570 nm 
and 630 nm). The relative growth rate (RGR) was defined in Eq. (2). Data were cal-
culated from the average of six measurements and triplicate for the experiment [13].

Necrotic tissue removal and wound healing

Necrotic tissue removal

Preoperatively, animals were administered anesthesia by ear vein injection of chloral 
hydrate (3.5%, 30 mg/kg). Under anesthesia, the dorsal hair was shaved and skin was 
disinfected thoroughly. To establish the scald model, two circular scalds (Φ2.0 cm) 
were created along the midline after marking the dorsal skin with a scald device 
(laboratory homemade) which possessed heated flat plate probe (Φ2.0 cm, thickness 
0.5  cm).The scald was created in temperature 80  °C, time 60  s. In gel group, the 
debridement glue paste was covered on the scald and then the wound beds were cov-
ered with TPU dressings, fixed with medical adhesive tape (MDS, China). In blank 
control group, wounds were treated with TPU dressing alone.

The debridement glue paste of wound was replaced every 2 days until necrotic 
tissue was removed absolutely; meanwhile, TPU dressing was replaced every 2 days 
for each animal in the control group.

Wound healing

As described in 2.5.1, wound healing of each animal was continued to be observed 
after removing necrotic tissues. In gel group, the wound beds were then filled with 
the optimized debridement glue paste chosen according to the previous test results 
and covered with TPU dressings. In blank control group, wounds were treated with 
TPU dressing alone. The debridement glue paste and TPU dressing of wounds were 
replaced every 2 days until wound was healing absolutely for each animal in the gel 
group and control group, respectively.

Histological analysis

The scald tissues of the necrotic tissue removal were harvested at 24  h after the 
operation. The surrounding tissues of debridement glue paste were harvested at 
1 and 2  weeks after the operation, fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) solution for 48  h, dehydrated and embedded in paraffin. 

(2)RGR =
absorbance of sample

absorbance of negative control
× 100%
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Three-micrometer-thick sections were achieved with the Thermo Scientific HM315 
Microtome. The sections were stained with hematoxylin–eosin (H&E) and Masson 
trichrome and then observed under Olympus BX51 microscope. The images were 
captured and digitized for analyses with Image-Pro Plus software (Media Cybernet-
ics, Ink, USA). The inflammatory response and neovascularization cell distribution 
of the debridement glue paste were reflected in the images taken at the magnifica-
tions of 4 ×  [9].

Results

Swelling behavior

It is crucial to have sufficient swelling ability for debridement glue paste. Swell-
ing behavior of the debridement glue pastes is shown in Fig. 1. In both deionized 
water and PBS, swelling isotherm of the debridement glue paste ascended rap-
idly initially and then maintained a maximum until 24 h (Fig. 1a and b). For the 

Fig. 1  Swelling degree of debridement glue paste in deionized water (a) and phosphate-buffered saline 
(PBS) solution (b), the weight ratios of G:A C = 2:1:3 (GAC2:1:3), 2:2:2 (GAC2:2:2), 2:3:1 (GAC2:3:1). 
(c) Swelling degree of debridement glue pastes (GAC2:2:2) irradiated at different absorbed doses 
(20 kGy, 30 kGy, 40 kGy) with the dose rate of 20 Gy/min in deionized water. (d) Swelling degree of 
debridement glue pastes (GAC2:2:2) irradiated at 20 kGy with the dose rate of 20 Gy/min, 50 Gy/min, 
80 Gy/min and 120 Gy/min in deionized water
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debridement glue pastes irradiated with different dose rates, the swelling degree 
increased rapidly within the initial 3 h and then decreased. All the debridement 
glue paste has the swelling ratio of 30 times as high as the pure debridement 
glue paste which is sufficient for the application as wound debridement glue paste 
[10].

The degree of swelling reached the equilibrium within 3 h  in both deionized 
water and PBS. In the meantime, the equilibrium swelling degree increased as the 
alginate ratio increased (Fig. 1a) and the weight ratio of 2:2:2 (GAC2:2:2) could 
maintain the swelling degree a steady slow growth [11]. The swelling degree in 
PBS is higher than that in deionized water which manifested that the ions in PBS 
could not accelerate the hydrolysis of gelatin, sodium alginate and carboxym-
ethylcellulose sodium. The weight ratios of 2:2:2 (GAC2:2:2) had a stable swell-
ing degree indicating that the equivalent weight ratios of gelatin, sodium alginate 
and carboxymethylcellulose sodium have the beneficial on the swelling degree, so 
that the weight ratio of 2:2:2 was chosen for further experiment.

With the increase of the absorbed dose, the swelling degree of debridement 
glue paste decreased and tended to reach a constant value from 2 to 8 h when the 
absorbed dose was 20 kGy, 30 kGy and 40 kGy (Fig. 1c). The cross-linking of 
the debridement glue paste also depends on the absorbed dose rate, the swelling 
degree of debridement glue paste prepared at the same weight ratios and dose 
decreased with the increasing of dose rate. The swelling degree increased rapidly 
initially and reduced when the dose rate was 20 Gy/min, 50 Gy/min, 80 Gy/min, 
and 120 Gy/min (Fig. 1d). The main reason is that the composites finally disin-
tegrated via hydrolysis, therefore an absorbed dose of 20  kGy and dose rate of 
20 Gy/min was chosen for further experiment [12].

Fig. 2  a The compressive strength of debridement glue pastes with different weight ratios irradiated 
at 20 kGy; b the tenacity, softness, consistency and viscosity of debridement glue paste with different 
weight ratios irradiated at 20  kGy, the weight ratios of G:A:C = 2:1:3 (GAC2:1:3), 2:2:2 (GAC2:2:2), 
2:3:1 (GAC2:3:1)
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Mechanical strength

The compressive strength of debridement glue paste

The debridement glue pastes were prepared to a stable mechanical form, which will 
benefit clinical and be easy to use. Debridement glue paste with different weights 
was prepared at 20 kGy, and the compressive strength was measured as shown in 
Fig. 2a. It could be seen that the compressive strength increases significantly with 
the increase in sodium alginate content. These results corresponded to the tenacity, 
softness, consistency and viscosity of debridement glue paste with different weight 
ratios, which is shown in Fig. 2b that the tenacity, softness, consistency and viscos-
ity of debridement glue paste increased when alginate was added into the system. 
In order to facilitate the clinical application of debridement glue paste, preparing 
the glue with a desirable compressive strength is necessary, and only the sample 
GAC2:2:2 which compressive strength was appropriate. The result is consistent with 
the result of swelling degree that the weight ratios of 2:2:2 were chosen for further 
experiment.

The extrusion strength

Because the shape of debridement glue paste was paste, the extrusion strength of 
debridement glue paste prepared at 20 kGy was measured. As shown in Fig. 3a, the 
compressive strength increased significantly with the increase in the percentage of 
alginate. The extrusion curve fluctuated slightly in the start of the test; the main 
reason might be that there was a certain degree of friction between injector ram 
and injector wall, and the extrusion curve gradually became stable and reached a 
value when the testing speed was steady. The extrusion hardness of debridement 
glue paste irradiated at 20 kGy with different dose rates was measured. As shown 
in Fig. 3b, the extrusion strength of glue, which was irradiated at 20 Gy/min, was 
the highest. This result demonstrated that higher dose rate would lead to a higher 

Fig. 3  The extrusion strength of debridement glue paste, with the weight ratios of G:A:C = 2:1:3 
(GAC2:1:3), 2:2:2 (GAC2:2:2), 2:3:1 (GAC2:3:1), irradiated at 20 kGy with the dose rate of 20 Gy/min, 
is shown in (a). The hardness of debridement glue paste with different dose rates is shown in (b), the 
irradiated rate was 20 kGy and the dose rate was 20 Gy/min, 50 Gy/min, 80 Gy/min, 120 Gy/min
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degree of degradation, resulting in the decrease in the extrusion strength of debride-
ment glue paste. The reason for the relationship between extrusion strength and dose 
rate is not linear is deserved for further study. The varying trend of hardness of the 
debridement glue paste is kept consistent with the extrusion strength when dose rate 
increased at the same fixed dose (Fig. 4).

Fourier Transform Infrared Spectroscopy (FTIR)

The intermolecular interaction between components of the debridement glue paste 
was studied by FTIR spectra. The FTIR spectra of gelatin, sodium alginate and 
carboxymethylcellulose sodium composite debridement glue paste were obtained. 
The transmittance (%) GAC2:1:3 > GAC2:2:2 > GAC2:3:1, the characteristic peaks, 
852 cm−1, 1216 cm−1, 1483 cm−1, 2929 cm−1, 2996 cm−1 and 3378 cm−1, indicated 
that samples with different weight ratios could form the same intermolecular band 
during the cross-linking reaction. And the weight ratios of materials only have an 
effect on the strength of characteristic peak and have no influence on intermolecular 
 band[22].

Thermogravimetric analysis (TGA)

As shown in Fig. 5, the debridement glue pastes, which were cross-linked by γ irra-
diation, have a better thermal stability property than that without irradiation. The 
TGA curves showed that the degradation of debridement glue paste without irra-
diation started at a lower temperature compared with that of radiation cross-linked 
debridement glue paste. The thermogravimetric shows that the thermal stability of 

Fig. 4  FTIR spectra of debridement glue paste prepared at optimal conditions (absorbed dose 20 kGy, 
dose rate 20  Gy/min), the weight ratio of G:A:C = 2:1:3 (GAC2:1:3), 2:2:2 (GAC2:2:2), 2:3:1 
(GAC2:3:1)
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the debridement glue paste increased with the addition of sodium alginate as fol-
lows: GAC2:3:1 > GAC2:2:2 > GAC2:1:3, R-GAC2:3:1 > R-GAC2:2:2 > R-GAC
2:1:3. The result suggests the presence of cross-linking in the irradiation debride-
ment glue paste. It can be assumed that the cross-linking between the anime group 
and carboxyl group of the debridement glue paste system would increase the ther-
mal stability of the polymer complex. However, it was observed that GAC2:1:3 has 
the lowest thermal stability among the debridement glue paste without irradiation 

Fig. 5  Thermogravimetric curves for debridement glue pastes, the weight ratios of G:A:C = 2:1:3 
(GAC2:1:3), 2:2:2 (GAC2:2:2), 2:3:1 ( GAC2:3:1). R represents debridement glue paste prepared at opti-
mal conditions (absorbed dose 20 kGy, dose rate 20 Gy/min)

Fig. 6  Relative growth rate (RGR) of L929 in debridement glue pastes extraction medium after incu-
bation. The debridement glue pastes were prepared at 20  kGy and the weight ratios of G:A:C = 2:1:3 
(GAC2:1:3), 2:2:2 (GAC2:2:2), 2:3:1 (GAC2:3:1), respectively
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and R-GAC2:3:1 had the highest thermal stability among the irradiation debride-
ment glue paste. Therefore, it can be concluded that there were other factors, as the 
weight ratios, of material which contributed to the thermal stability of debridement 
glue paste and the thermal stability could be a synthesized effect of all the factors 
(Fig. 6).

In vitro cytotoxicity test (MTT assay)

Cytotoxicity is an important property for biomaterials. Therefore, the cytotoxicity 
of the debridement glue paste was evaluated by MTT assay based on ISO 10993-5 
standard. As shown in Fig. 7, after an incubation period of 72 h, the RGRs of the 
entire sample were higher than 80% and could be classified to be scale 1 or 0, which 
means that the material is safe to the L929 fibroblast cells. The result proved that the 
debridement glue paste composed of gelatin, sodium alginate and carboxymethyl-
cellulose sodium possessed the excellent cyto-compatibility, which proved that the 
fabrication method was green and promising. The weight ratio of gelatin, sodium 
alginate and carboxymethylcellulose sodium had no significant influence on the 
RGRs suggesting that the materials were safe and could be used in further animal 
experiments studies.

Necrotic tissue removal

To investigate the main function in removing necrotic tissue and healing, the 
debridement glue paste prepared at optimal conditions was chosen for the necrotic 
tissue removal and healing experiment. The necrotic tissue was created by a heated 
flat plate probe (Φ2.0 cm, thickness 0.5 cm) in 80 °C and 60 s [13, 14]. Macroscopic 
observations of the necrotic tissue removal and wound healing treated by GAC2:2:2 
debridement glue paste (a, c, e) at days 0, 4 and 18; control group (b, d, f) at days 
0, 6 and 26 are shown in Fig. 7. Debridement glue pastes could avoid infection by 
using on the necrotic tissue in time. For the first few days after using the debride-
ment glue paste, the necrotic tissue was dissolved gradually; the phenomenon can 
be explained that a moist environment was provided by debridement glue paste. 
The necrotic tissue of debridement glue paste group was removed, and the granula-
tion was observed in day 4 after surgical operation; however, the necrotic tissue of 
control group still retained until day 10 after surgical operation, indicating that the 
debridement glue paste group showed a much higher necrotic tissue removing rate 
than control group. The debridement glue paste group could remove the necrotic 
tissue in 4 days and yet the control group finished the process after over 10 days. 
The following observation that in the debridement glue paste group wound (18 days) 
could heal in a shorter time than in control group (26 days), indicating that the pres-
ence of necrotic tissue would retard wound healing.

From the histological analyses of necrotic tissue as shown in Fig.  8a, b and 
Fig.  9a, b, little granulation, neovascularization and fibroblast were observed at 
1 day after the surgical operation which proved that most of the living tissue had 
become necrotic tissue. At the 7th day after the surgical procedure, the necrotic 
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Fig. 7  Macroscopic observation of the necrotic tissue removal and wound healing treated by GAC2:2:2 
debridement glue paste (a, c, e) at days 0, 4 and 18; control group (b, d, f) at days 0, 10 and 26
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tissue of debridement glue paste group was removed and the necrotic tissue of con-
trol group still remained. However, the status of the wounds was different although 
the wounds had not started to heal obviously; the regenerated granulation tissues 
filled up the wound in debridement glue paste group. In contrast, granulation tissue 
was not apparently regenerated in the blank control group. More granulation tissue 
was observed in debridement glue paste-treated group than in control group (Fig. 8c, 
d, ▲: peripheral granulation tissue). The same phenomenon was also observed at 
day 14 (Fig.  8e, f, ▲: peripheral granulation tissue). Although the wound areas 
were similar in the groups, the histological analyses showed remarkable efficacy of 

Fig. 8  Histologic analysis (H&E) of the wound healing tissue, debridement glue paste (a, c, e) and con-
trol group (b, d, f) at days 1, 7, 14. ▲: peripheral granulation tissue; → : neovascularization. Double 
arrows show the distribution range of granulation tissue
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debridement glue paste to enhance the granulation tissue formation. The distribution 
of granulation tissue was different. At day 14, debridement glue paste-treated wound 
showed an extensive distribution of the granulation tissue compared with blank 
control group (Fig. 8e, f, double arrows show the distribution range of granulation 
tissue). The application of debridement glue paste might provide a moist environ-
ment for transplantation and proliferation of fibroblasts which led to the formation 
of granulation tissue.

For the wound healing, collagen synthesis is a critical part. The collagen remod-
eling and maturation was highlighted in the Masson trichrome staining. In Mas-
son trichrome staining, collagen type I (the major constituent in normal tissues) 

Fig. 9  Histologic analysis (Masson trichrome) of the wound healing tissue, debridement glue paste (a, c, 
e) and control group (b, d, f) at days 1, 7, 14. ★: mature collagen fibers; → : neovascularization
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appeared to be thick and deep blue, whereas collagen type III appeared to be thin, 
light blue and reticular. At day 7 and 14, more thick, densely associated and organ-
ized collagen fibers were found in the debridement glue paste group, while thinner 
collagen fibers were appeared throughout the granulation tissue in the control group 
(Fig. 9 c–f; ★: mature collagen fibers). At day 18, wound healing was completed 
and the epithelialization was smooth in the debridement glue paste, no keloids or 
hypertrophic scars were found in all animals. The complete wound closure was 
observed at day 26 in blank control group.

The signs of debridement glue paste keeping the wound a moist environment and 
promoting wound healing could be observed clearly; however, macroscopic signs 
of debridement glue paste reject the wound infection, drop, necrosis and serious 
inflammation were indiscernible throughout the experimental period. In the first 
several hours after the debridement glue paste was covered on the wound surface, 
the debridement glue paste began to swell as it absorbed the body fluid [13]. After 
four days, the debridement glue paste degraded gradually for reaching the maxi-
mum degree of swelling [15]. This behavior occurred in vivo when the body fluid 
was in the presence that was consistent with the swelling trend of the debridement 
glue paste in deionized water and phosphate-buffered saline solution [16, 17]. The 
degraded debridement glue paste need to instead in time to ensure the effective role 
of the debridement glue paste on wound healing.

Figure 7 depicts the macroscopic observation of the wounds treated with debride-
ment glue paste and the control. The wound healing indicated that the debridement 
glue paste group showed a higher wound healing rate than the control group. The 
wound of the debridement glue paste group had finished healing at 18 ± 2 day and 
did not have the residues of scar, while the control group showed healing time of 
wound of 26 ± 2 day.

The debridement glue paste prepared by the method of radiation cross-linking 
could keep a moist wound healing environment and inhibit infection. In the mean-
time, it has the excellent mechanical strength and swelling degree. It could remove 
necrotic tissue effectively in necrotic tissue removal experiment and facilitate the 
wound healing, fibroblast proliferation and neovascularization so that the debride-
ment glue paste group showed a higher wound healing rate than control group.

Discussion and conclusion

Various methods of wound debridement have been studied, but few focused on auto-
lytic debridement which was the modality of the highest selectivity. Debridement 
glue paste in debridement can be frustrating and difficult for several reasons. First, 
most debridement biomaterials are not developed in debridement. Instead, they 
are mostly developed for use in simple wound healing studies. Furthermore, many 
methods of wound debridement have been existing, making autolytic debridement 
a challenge. In clinical, all kinds of wound in order to protect wound caused by the 
burn, trauma, operation, infection and other causes remove the foreign of body, pro-
mote the discharge of necrotic tissue, control wound infection, keep the wound be 
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moist, have used different treatment means and product, but the ordinary methods 
and products are often unsatisfactory.

Debridement was the key step of wound healing that the suitable environment 
was benefit to wound healing. The traditional operation debridement was traumatic; 
a lot of undamaged tissues were nonselective sacrifice usually. The ordinary con-
servative debridement usually needed to a long time which was low efficiency. The 
enzymatic debridement also only can be selective debridement, less avail to the 
wound healing. Therefore, it needs to use other drugs or dressing for promoting 
wound healing which would increase the complexity of operation.

To be successful in using debridement, debridement glue paste needs to have 
mechanical properties that facilitate consistent use. The property depends on the 
preparation approach, for example, thermal heating, chemical cross-linking and 
radiation cross-linking. However, most of the cross-linking agents demonstrated tox-
icity in animal experiments. Although the treatment is effective in yielding which 
have a high degree of cross-linking by chemical reagents, the chemical residuals are 
highly cytotoxic which restrict their applications in the biomedical field. However, 
the radiation cross-linking is a green approach to fabricate debridement glue paste; 
the entire procedure of sample preparation is performed in a pure water system. 
Therefore, the prepared materials are additive-free. Several properties of debride-
ment were tested that included swelling and compressive, several biocompatibility 
metrics and healing. Further, we also took into consideration the price of raw mate-
rials that may influence clinical application for debridement glue paste.

In terms of swelling degree, it is crucial to have sufficient swelling ability for 
debridement glue paste, because moist wound environment is beneficial to moisten 
necrotic eschars and facilitate their removal. The swelling property of debridement 
glue paste is an important factor. All the debridement glue paste has the swelling 
ratio of 30 times higher than the pure debridement glue paste which is sufficient for 
the application as wound debridement glue paste. Gelatin, sodium alginate and car-
boxymethylcellulose sodium all have a good solubility when immersed in aqueous 
solutions. For the anime group and carboxyl group interacted with each other via 
hydrogen band in the system, the swelling is obtained by the free (-OH) group.

An additional requirement of debridement glue paste is that it is biocompatible. 
The debridement glue pastes were prepared to a stable mechanical form, which will 
benefit for clinical and be easy to be used. Finally, the requirement of debridement 
glue paste is biocompatible. First, the debridement glue pastes prepared by radia-
tion cross-linking cannot be cytotoxic. Second, debridement glue pastes were imple-
mented in eventual treatments must not elicit an immune response. Therefore, the 
cytotoxicity of the debridement glue paste was evaluated by MTT assay based on 
ISO 10993-5 standard. The RGRs suggested that the materials were safe and could 
be used in the further animal experiments studies.

To investigate the main function in removing necrotic tissue and healing, the 
debridement glue paste was chosen for the necrotic tissue removal and healing 
experiment. Wound healing is a complex process which consists of a series of 
events that happened at the moment of injury. The wound healing process mainly 
includes four stages: the hemostasis phase, the inflammatory, the proliferative 
phase and the remodeling phase [18, 19]. The debridement glue paste prepared by 
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the method of radiation cross-linking could keep a moist wound healing environ-
ment, inhibit infection, remove necrotic tissue effectively and facilitate the wound 
healing, fibroblast proliferation and neovascularization.

Gelatin, sodium alginate and carboxymethylcellulose sodium hybrid debridement 
glue pastes were prepared using a green fabrication method of radiation-induced 
cross-linking. The swelling behavior in deionized water and phosphate-buffered-
saline solution indicted that the debridement glue pastes had a higher swelling 
degree. The extrusion behavior from medical injector will facilitate for its clinical 
application. The optimal prepared conditions of debridement glue pastes were the 
weight ratios GAC2:2:2, absorbed dose 20 kGy and dose rate 20 Gy/min. Cell cul-
ture experiments demonstrated that the debridement glue pastes had good cyto-com-
patibility with the cytotoxicity of grade 0 or 1. The necrotic tissue removal experi-
ment depicted that debridement glue pastes could remove necrotic tissue within a 
few days; meanwhile, it could accelerate the wound healing with thicker granulation 
and earlier reepithelialization. The comprehensive results of this study suggested 
their potential in the application of wound necrotic tissue removing materials.
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