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A B S T R A C T   

Postoperative peritoneal adhesion (PPA) is frequent and extremely dangerous complication after surgery. 
Different tactics have been developed to reduce it. However, creating a postoperative adhesion method that is 
multifunctional, biodegradable, biocompatible, low-toxic but highly effective, and therapeutically applicable is 
still a challenge. Herein, we have prepared a degradable spray glycyrrhetinic acid hydrogel (GAG) based on 
natural glycyrrhetinic acid (GA) by straightforward heating and cooling without the use of any additional 
chemical cross-linking agents to prevent postoperative adhesion. The resultant hydrogel was demonstrated to 
possess various superior anti-inflammatory activity, and multiple functions, such as excellent degradability and 
biocompatibility. Specifically, spraying characteristic and excellent antibacterial activities essentially eliminated 
secondary infections during the administration of drugs in surgical wounds. In the rat models, the carrier-free 
spray GAG could not only slow-release GA to inhibit inflammatory response, but also serve as physical anti- 
adhesion barrier to reduce collagen deposition and fibrosis. The sprayed GAG would shed a new light on the 
prevention of postoperative adhesion and broaden the application of the hydrogels based on natural products in 
biomedical fields.   

1. Introduction 

Postoperative peritoneal adhesions (PPA) are one of the more uni-
versal complications of abdominal surgery caused by the pathological 
association between surgical trauma and nearby organs or tissues [1,2]. 
Following clinical surgery, the incidence rate can reach 90%with more 
than 40% resulting in adhesive intestinal obstruction. It also has the 
potential to cause complex syndromes, chronic abdominal pain, female 
infertility, organ dysfunction, and even death. Furthermore, in the 
United States alone, the treatment of peritoneal adhesion development 
costs up to $1.3 billion each year. In certain European nations, the direct 
medical expenditures for adhesion-related disorders exceeded the sur-
gical costs for stomach cancer and were nearly as high as those for rectal 
cancer [3–5]. Given the enormity of the health issues and financial cost 
associated with adhesions, prevention of PPA have become urgently 
solved issue in the clinical field. 

Current therapeutic measures for PPA include surgery [6], 
anti-adhesion drug [7], and barrier material [8,9], but their 

effectiveness were not satisfactory [10,11]. Despite the fast advance-
ment of minimally invasive surgery technologies, the advent of lapa-
roscopy and the tactful handling of medical professionals can lessen the 
prevalence of PPA. They still cannot completely prevent their occur-
rence, and the recovery of secondary surgery may cause new adhesions 
more seriously [12,13]. As we all know, coagulation, inflammation and 
fibrinolysis that occur during tissue healing have a significant influence 
on the creation of adhesions [14–17]. Therefore, numerous medications 
that affect coagulation, inflammation, fibrinolysis, and associated cy-
tokines have been utilized [18,19]. However, huge side effects, short 
duration of action and low therapeutic effect make people disappointed 
with drug treatment. For the existing physical barrier, it works by 
isolating the wound from peripheral tissue, thereby blocking the for-
mation of fibrin bridges to prevent the formation of intra-abdominal 
adhesions [20–23]. Icodextrin 4% solution (Deerfield, Illinois, USA), 
Interceed® (Johnson &Johnson, Cincinnati, USA), Seprafilm® (Gen-
zyme, Cambridge, USA), and other anti-adhesion materials have ach-
ieved certain curative effects, but there are a large number of 
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deficiencies, such as cumbersome synthesis process, high purchase cost, 
immunogenicity, lacking target coverage, lacking sustained release, and 
non-absorbability [23–27]. Recent advancements in the field of hydro-
gel have led to a renewed interest in physical barrier and eliminated 
most of the issues [27]. In order to meet the key period for adhesion 
formation (3–5 days following surgery), most hydrogels are formed by 
chemical cross-linking or physical adsorption of macromolecules with 
low biocompatibility. This makes clinical researchers and pharmacolo-
gists worry that foreign materials, particularly those from 
non-degradable components as implanted materials, may further 
lengthen the inflammatory response and thereby encourage PPA 
development [28,29]. Bacteria-related intraperitoneal infections may 
also promote the formation of PPA through activating and boosting the 
EGFR signaling in peritoneal mesothelial cells [5]. Therefore, the issue 
of subsequent wound infection should be taken into account while using 
physical isolation materials [30]. How to increase the anti-adhesion 
efficacy and reduce toxicity on the clinical prevention and interven-
tion of PPA is worth of further exploration deeply. 

Natural products originated from traditional Chinese medicine 
(TCM) are currently attracting significant research interest for preven-
tion and treatment of human illnesses due to their inherent benefits, 
encompassing excellent biological activity, biocompatibility, degrad-
ability [31]. Numerous supramolecular hydrogels loading naturally 
occurring substances have been successfully prepared and used for 
inflammation relief [32], wound repair [33], bacterial resistance [34], 
and tumor inhibition [35,36]. However, it was constantly found that the 
most of hydrogel carriers might result in limited loading efficacy, poor 
biocompatibility and biodegradability, and potential adverse conse-
quences [37]. To tackle these problems and lower the risks of novel 
material research, “self-delivery strategies” have been widely used to 
increase the bioavailability of active compounds in decades [38]. 
Generally, various supramolecular systems without structural modifi-
cations by the spontaneous self-assembly of bioactive natural small 
molecules are predicted to exhibit traits of improved therapeutic effec-
tiveness, softer release, and reduced cytotoxicity [39]. Gallic acid 
self-assembled into a novel hydrogel, which Huang et al. discovered, 
might hasten the healing of wounds [39]. Moreover, it was demon-
strated that the self-assembled betulinic acid had stronger anti-leukemic 
effects on the KG-1A and K562 cell lines [40]. In spite of several efforts, 
designing self-assembled hydrogels based on natural active molecules to 
prevent PPA remains a gap [12,41]. It is clearly evident that the small 
molecule with anti-adhesion therapy and physical barrier potential has 
not been discovered. The search for safer and more potent anti-PPA 
materials must continue. 

As a natural bioactive compound from Glycyrrhiza uralensis Fisch. 
[42], GA had been proven to display extensive remarkable biological 
activities [43,44], including anti-inflammation [45], antibiosis [46], 
and anti-tumor [47]. Despite reports that GA may form gels in a range of 
organic solvents and NaOH [48,49]. However, unavoidable cytotoxicity 
induced by high gel concentration, the use of organic solvents and strong 
alkalinity might be extremely harmful to human body, which severely 
limited the biomedical application of GA. How to perfectly utilize the 
bioactivities and the gel properties of GA for prevention of PPA required 
further research. Fortunately, we have reported that a sprayed, 
hypo-basic, low-toxic and biodegradable hydrogel was prepared suc-
cessfully based on GA and sodium carbonate solution by straightforward 
mixing and heating. Especially, it had provided a subversive strategy to 
reduce intraperitoneal bacterial infections and precisely meet the indi-
vidual wound size. Results from in vivo and vitro tests showed that the 
GAG possessed good anti-inflammatory, antibacterial and anti-adhesion 
capacity. More importantly, its degradation cycle was in line with our 
requirements for the stability of anti-adhesion materials. The GAG could 
act as not only an adjunctive therapeutic drug to reduce inflammation 
and bacterial infection, but also a physical barrier to prevent and treat 
intestinal adhesions. To our best knowledge, there are still few reports of 
the intended natural hydrogel containing this sprayed self-delivery and 

physical isolation capability. It could circumvent expensive and 
time-consuming procedures for medicines and physical barriers, which 
had promising potential as an intestinal adhesion prevention material. 

2. Materials and methods 

2.1. Materials, cell lines, and animals 

In this investigation, Glycyrrhetinic acid was acquired from 
Shanghai Aladdin Holdings Group Co., Ltd. Beijing Chemical Works, 
Beijing, China, provided all of the solvents used in this study, and the 
water was ultrapure grade. Male Kunming mice (18− 22 g) and Sprague- 
Dawley (SD) rats (220− 250 g) were acquired from SBF (Beijing) 
experimental animal Technology Co. Ltd. The experiments were carried 
out by the Institute of Medicinal Plant Development affiliated to the 
Chinese Academy of Medical Sciences (Beijing, China, Ethical review 
No. SLXD-20211225002). 

2.2. Preparation of the GAG 

GA was dissolved in a sodium carbonate solution, and then the 
mixture was homogenized using ultrasonic and stirring. The mixture 
was then heated at 70 ◦C for approximately 5 min. After cooling for 10 
min, a homogeneous, stable gel was produced. the test tube tilt method 
and the test tube inversion method was used to confirm the formed GAG. 
The critical gel concentration (CGC) was then determined to be 28 mg/ 
mL by control independent variable method. In general, firstly, in 1 mL 
of sodium carbonate solution (volume: 1 mL, the concentration: from 
0.05 mol/L to 0.3 mol/L), the addition amount of GA was fixed at 20 mg. 
When sodium carbonate solution (1 mL, 0.05 mol/L) was used, a flowing 
opaque liquid was obtained. Then, when sodium carbonate solution (1 
mL, 0.075 mol/L) was used, a stable gel was obtained. However, as the 
sodium carbonate (1 mL, 0.3 mol/L) was used in the formation of GAG, a 
flowing opaque liquid was obtained again. This phenomenon meant, 
when the amount of GA was 20 mg, the sodium carbonate solution 
(0.075 mol/L, 1 mL) was the minimum requirement for form GAG. Then, 
sodium carbonate solution (0.075 mol/L, 1 mL) was fixed quantity in the 
formation of GAG and the addition amount of GA (from 15 mg to 29 mg) 
was changed. In sodium carbonate solution (0.075 mol/L, 1 mL), when 
the amount of GA was less than 19 mg, the GAG gel could not be formed 
stably. On the contrary, in sodium carbonate solution (0.075 mol/L, 1 
mL), when the addition amount of GA was 19 mg, a stable gel was again 
obtained. Unfortunately, when the addition amount of GA was more 
than 28 mg, the resulted solution became cloudy after heating. In 
addition, GA was practically insoluble in water [50]. These phenomena 
all indicated that there were GA molecules that did not form a gel in the 
solvent. Based on this phenomenon, it was determined that the optimal 
condition for GAG formation was determined as follow: sodium car-
bonate solution (0.075 mol/L) and GA (28 mg). Freeze-drying was used 
to produce the dried GAG. 

2.3. Microscope and self-assembled mechanism study of the GAG 

With the aid of Field-emission scanning electron microscope (JSM- 
6700F, JEOL, Japan), FEI Talos F200X instrument and a Bruker Dension 
Icon (Bruker AXS), SEM images, the corresponding elemental mapping 
images, TEM pictures and AFM images were captured. FT-IR (Nicolet 
IS10 instrument, Thermo, USA) and the NMR experiments (Bruker AV 
600 NMR spectrometer, Bruker, USA) was used to explore self- 
assembled mechanism. A Zeta-sizer Nano ZS particle analyzer (Mal-
vern Instrument Ltd) was used to calculate the surface charge. Circular 
dichroism (CD, J-1500, JASCO, Tokyo, Japan) analysis was used to look 
at the secondary structure. 
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2.4. Rheological experiments 

Rheolaser MASTER™ (Formulaction, France) was used to record the 
gel development and collapse process. For measuring gel formation 
process, Glycyrrhetinic acid added to sodium carbonate solution. Then, 
GAG solution (clear GAG-sol) after heating in 70 ◦C water bath was 
placed in the instrument to be tested promptly at 25 ◦C. Subsequently, 
by increasing the temperature in the rheolaser by 1 ◦C per minute to 
70 ◦C till GAG-sol was formed, the GAG collapse process was seen. The 
device would compute and output the pertinent data automatically. 

2.5. Antimicrobial activity measurements 

Gram-positive S. aureus and Gram-negative E. coli were cultivated in 
nutrient broth at 200 rpm in a rotary shaker overnight at 37 ◦C. Then 
they were adjusted in well with nutrient broth at a density of 2 × 106 

CFU/mL. The GAG was serially incubated for 16 h at final concentra-
tions ranging from 100 to 400 μg/mL (100, 150, 200, 300, 400 μg/mL). 
the bacterial suspension (100 μL) was put equally to each well. Nutrient 
broth was used as the solvent control. Then the cultured bacterial sus-
pension was diluted 1 × 105 times (100 μL) and evenly coated on agar 
plates. The colonies produced were enumerated and compared to con-
trol plates after an 18-h incubation period at 37 ◦C to determine the 
inhibition rate. 

Inhibition rate (%) = (counts of control − counts of samples)/counts 
of control × 100%. The parallel experiments were performed for three 
times [51]. 

2.6. In vitro biocompatibility of the GAG 

The biocompatibility of GAG was assessed by MTT assay and he-
molysis assay. H9c2 cells were seeded in 96-well plates at 1 × 105 cell 
mL− 1, 100 μL per well, and treated with GAG at different concentrations 
for 24 h. Then, MTT (5 mg/mL) was added to 96-well plates, 10 μL per 
well, and placed in cell culture incubator at 37 ◦C for 4 h. Following the 
removal of the supernatants, 150 μL of DMSO was added to each well to 
dissolve the formazan crystals. A microplate reader was used to measure 
the color intensity at 570 nm. Three times the parallel experiments were 
conducted. While calculating the relative cell activity for each experi-
mental group, the absorbance value for the blank control group was 
100%. 

1 mL of mouse blood was centrifuged three times at 1500 rpm for 15 
min each after being diluted with 0.9% NaCl, until obtained erythro-
cytes. Erythrocytes were reconstituted in 0.9% NaCl and combined with 
either a GAG sample, an ultrapure water group, or a normal saline 
group. The mixture was then incubated for 3 h at 37 ◦C in a water bath 
before the supernatant was collected. A microplate reader was used to 
measure the supernatant’s absorbance at 570 nm. The following is the 
formula for calculating hemolytic percentage (HD): 

HD (%) = (As - An)/(Ap - An) × 100%, Where, the absorbance values 
for the sample, the negative control, and the positive control were 
denoted as As, An, and Ap, respectively. There was no hemolysis when 
HD was less than 5%. 

2.7. Spray-on setup 

A simple and practical device was built to simulate the methods re-
ported in the literature. Spray vials containing GAG gel and red pigment 
are placed before being sprayed at a predetermined distance. Press the 
spray bottle to its lowest pressure with each press to guarantee that the 
amount of each shot is as uniform as possible. Then, a 3D surface map 
was created using Image-J to illustrate the strength of the spray patterns 
[52]. 

2.8. In vitro release behavior studies 

The in vitro release behavior of GAG in different temperature (room 
temperature and 37.8 ◦C) was detected by analysis of the weight of the 
residue. Initially, 1 mL of GAG sample was put to a dialysis bag (MWCO 
3500 Da) and they are weighed. Then, the dialysis bag was added into 
200 mL of PBS solution. At different time intervals (0, 1, 2, 3, 4, 5, 6, 7 
day), the dialysis bag was removed and weighed. The loss weight was 
considered to be amount of GAG disintegration. At the same time, 5 mL 
of solution was taken out to calculate GA concentration in solution, and 
replaced with of 5 mL fresh PBS solution. The cumulative degradation 
ratio at various time was computed by measuring the mass of the 
remaining GAG. the release behavior and GA concentration of the GAG 
in 5 mL solution was respectively analyzed by HPLC and the concen-
tration was calculated according to the standard curve. Three de-
terminations were made to verify accuracy. 

2.9. In vitro anti-inflammatory test and the ear edema test 

The RAW264.7 cells were treated with different concentrations 
(6.25, 12.5, 25, 50, 100, 200uM) of GAG for 24 h, the viability of 
RAW264.7 cells was detected by MTT method and the effect of GAG on 
RAW264.7 cells was screened active safe dose range. ELISA: RAW264.7 
cells were randomly divided into positive group (Indometacin), model 
group, control group, and GAG group. Model group: cells were stimu-
lated with 500 ng/mL LPS; GAG group: GAG at a concentration in a safe 
dose range was added first, and then 500 ng/mL LPS was added to 
stimulate cells. Positive group: Indometacin was used as a positive 
control. Control: PBS was used as a control group. After reaching a 
certain drug action time, the culture was stopped and the supernatant 
was collected, and the level of inflammatory factor TNF-α was detected 
by enzyme-linked immunosorbent assay (ELISA) (Beijing Jiachen 
Technology Co., Ltd. Beijing, China). 

Xylene-induced ear edema in the mouse model was carried out as 
described by Liu et al. [45]. Three groups of mice (n = 10) were created: 
control, GAG (28 mg/mL), and model and the control group was pro-
vided with water (0.1 mL each). Spraying therapy was applied to all 
groups for a total of seven days. After the last dosage, the left ears’ front 
and rear surfaces were equally covered with xylene (0.02 mL), and the 
right ears were cleaned with normal saline (as control). The mice were 
euthanized after 30 min, and both ears were immediately removed. An 
8-mm perforator was used to sample a portion of each ear, which was 
subsequently weighed. The following formula was used to determine the 
level of ear edema: 

Ear edema degree=weight of the left ear − weight of the right ear 

Following the collection of ear tissue samples, 10% formaldehyde 
fixation, paraffin embedding and H&E staining are performed. An 
electron microscope was used to view the histological alterations [53]. 
After homogenizing the ear tissues, the homogenates were centrifuged 
as previously mentioned [54]. The supernatants were gathered to check 
for TNF-α and PEG2 levels in accordance with the instructions of the 
ELISA kit (Beijing Jiachen Technology Co., Ltd. Beijing, China). 

2.10. Adhesion of the GAG on a solid surface 

The sliding and adhesion process was recorded by digital photos 
from an inclined view of about 30◦ and a side view. Initially, the fresh 
porcine small intestine is placed horizontally on the foam board, 
equipped with a suitable scale and then placed at an angle of 30◦. 0.2 mL 
GAG droplet was sprayed on the initial scale. Under the same environ-
mental conditions, the time it takes for the GAG to reach a fixed position 
(2, 5, 7 cm) is recorded. The time varying film formation behavior of the 
sprayed GAG was recorded with digital photos. Triplicates of each 
experiment were run. 
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2.11. In vivo antiadhesion evaluation 

The in vivo antiadhesion effect of GAG was assessed in a rat side wall 
defect–cecum abrasion model. First, pentobarbital sodium was used to 
anesthetize the SD rats. Three alternate betadine and 75% ethanol 
scrubbing were used to prepare the abdomen skin. The abdominal wall 
was then cut along the midline with a single 4–5 cm-long incision using 
surgical scissors. The cecum was separated, and the serosal surface was 
gently rubbed with sterile surgical cotton until spotted bleeding 
emerged. A scalpel was used to create a 2 cm by 2 cm peritoneal defect 
on the corresponding side of the abdominal wall. In the GAG group, the 
GAG (1 mL) was sprayed over the cecum and damaged belly wall. In the 
negative control group, sterile saline (1 mL) was sprayed on the surface 
of a wound. 1 mL commercial hyaluronic acid (HA) hydrogel was as a 
positive control group. 14 SD rats are split among each group. To access 
the peritoneum and assess the adhesion, seven rats from each group 
were euthanized 7 and 14 days later. The adhesion that developed be-
tween the cecum and the abdominal wall was documented and scored 
using a common scoring system. The tissues from the cecum and 
abdominal wall that were affected by the damage and adhesion were 
then gathered and subjected to H&E and MT staining procedures for 
analysis. 

2.12. Statistical analysis 

All data were represented as mean ± SD (n = 3 to 7). Statistical 
analysis was calculated with an unpaired two-tailed Student’s t -test or 
one-way analysis of variance (ANOVA) with Tukey’s multiple compar-
ison test using GraphPad Prism v.8.0 (GraphPad Software). *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered statis-
tically significant. 

3. Results and discussion 

3.1. Preparation and characterization of GAG 

The preparation of a hydrogel depends on the GA’s ability to self- 
assemble. For the first time, we surprisingly observed that lower con-
centrations of sodium carbonate solution could easily promote the self- 
assembly of GA. A stable and opaque white GAG was gradually created 
by combining the desired quantity of GA powder with a solution of so-
dium carbonate after merely heating to 70 ◦C and cooling to room 
temperature. Then, the relationship between the concentration of so-
dium carbonate solution and the addition amount of GA to form GAG 
was further study by control independent variable method (Fig. S1 and 
S2). By changing the concentration of sodium carbonate solution and the 
addition amount of GA, the optimal condition for GAG formation was 
determined as follow: sodium carbonate solution (0.075 mol/L) and GA 
(28 mg). In this optimal condition, GA (28 mg) happened to be all 
involved in the formation of GAG in sodium carbonate solution (0.075 
mol/L, 1 mL). Next, we tested the pH of the resulting GAGs formed by 
these different concentrations of GA. In general, the pH of the gel formed 
gradually decreased as the amount of GA added increased (Fig. S3). This 
result also corresponds to the fact that GA is a weakly acidic natural 
triterpenoid molecule reported in the literature [55]. Furthermore, the 
result showed that, in 0.075 mol/L sodium carbonate solution, the pH of 
the formed gel was almost unchanged when the dosage of GA exceeded 
28 mg. For GAG prepared under the same sodium carbonate conditions, 
the addition amount of GA had little effect on cytotoxicity and did not 
make obvious toxicity to H9c2 cell (Fig. S4). Ho wever, reducing the 
alkalinity of GAG might make it more applicable for medical applica-
tions [56]. Thus, taking into account whether the influence of low pH or 
the optimal condition for GAG formation, the hydrogel formed by 
mixing 28 mg of GA with a sodium carbonate solution (0.075 mol/L, 1 
mL) should be further investigated in this experiment. 

Due to the different gel formation methods reported in the previous 

literature, Scanning Electron Microscopy (SEM), Transmission Electron 
Microscope (TEM) and Atomic Force Microscopy (AFM) were used to 
analyze the size and morphology of the final dried GAG. SEM images 
showed that nanofibers of different thicknesses extend to form entangled 
rope structures (Fig. 1A and Fig. S5). Furthermore, the data in corre-
sponding elemental mapping images illustrated that Na, O and C ele-
ments were uniformly dispersed in GAG systems (Fig. 1B). The surface of 
GAG nanofibers was found to be relatively rough and multi-branched, 
and the closely entangled rope-like self-assembled structure also was 
displayed in TEM images (Fig. 1C and Fig. S6). As observed in AFM 
images, The rough and uneven surface structure further confirms that 
the GAG molecules aggregate to form cross-linked entangled structures 
(Fig. 1D and Fig. S7). As shown in Fig. 1E, the results from circular di-
chroism (CD) showed that the positive peak (right-hand helical 
arrangement) of GAG at 223 nm was weaker comparing with GA group, 
indicating there were differences in the chiral packing and the molecular 
packing of GA was slightly changed in the self-assembly process, which 
could be demonstrated through TEM (Fig. S8). Furthermore, it was 
discovered that GA power had a slightly negative surface charge that 
was closely related to the carboxyl group and hydroxyl group by 
measuring a negative zeta potential of − 35.8 mV (Fig. 2F). In GAG, the 
GAG tended to aggregate to entangled rope-like self-assembled structure 
by intermolecular forces, which made the absolute value of zeta po-
tential reduce to − 4.63 mV. Together, these studies demonstrated that 
the GAG was successfully formed. In directly self-assembled mechanism 
study, the Fourier transform infrared (FT-IR) experiment demonstrated 
that the absorption peak of 30-carboxylate group was shifted from the 
1705 cm− 1of free powder to 1556 cm− 1 after gelation (Fig. S9). In 
comparison with the O–H stretching frequency of hydroxy group in the 
GA powder at 3439 cm− 1, the O–H stretching frequency of hydroxy 
group in dried GAG appeared at 3425 cm− 1 accompanied by a decreased 
intensity and the absorption peak becomes broadened from a sharp peak 
which was considered as a hallmark of hydrogen bonding. Overall, these 
cases support the view that the driving forces for GAG were the 
hydrogen bonding, electrostatic interaction and dipole–dipole interac-
tion, which are similar to those reported in the literature [49]. But we 
also discovered that, in the 1H NMR spectrum, hydrogen signal peak at 
H-12 of GAG had changed and moved to higher field with the increase of 
GAG concentration (from 1 mg/mL to 10 mg/mL) (Fig. 1G). It was a 
proof of π-π interaction supported the self-assembly of GAG [57]. Based 
on these results, it was proposed that several GA molecules are stacked 
one by one to form fine fiber structure architecture by π-π interaction, 
hydrogen bonding and dipole–dipole interaction. Then, the macromol-
ecules tend to bind tightly and finally formed a fiber network structure 
via further crosslinking with solvent molecules (Fig. 1H). 

Generally, an ideal biomaterial is required to be stable for storage 
and transportation. As show in Fig. 2A, the unchanging state proved that 
GAG could keep up its excellent stability for at least three months at 
room temperature. We also observed that GA also turned into a gel after 
mixing with sodium carbonate solution on the seventh day, illustrating 
that GA was more inclined to form a gel compared (Fig. 2B). The phe-
nomena further illustrate the excellent stability of GAG at room tem-
perature. More interestingly, we found that GAG showed thermal- 
responsiveness to the external environment, which could be due to the 
fact that heating decreased the hydrogelator− water interactions and 
hydrogelator-hydrogelator interactions (hydrogen bonding and dipo-
le–dipole interaction), promoted the ability of water to solubilize the 
GAG [58]. When the heating temperature was 37 ◦C, the phase change 
would not be affected by the temperature change (Fig. S10). Subse-
quently, the heating temperature was gradually raised (from 25 to 
70 ◦C). Notably, the gel phase began to change from a gel to a liquid state 
(Fig. 2C). As the set heating temperature became higher, the time of gel 
disintegration becames faster. Next, the sol− gel phase transition was 
further measured by the mean square displacement (MSD) curve via 
microrheology [59]. The temperature setting remained unchanged at 
25 ◦C, and the GAG was heated to a transparent solution at 70 ◦C and 
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Fig. 1. The characterization and the self-assembly mechanism of the GAG. SEM images (Scale bars: 10 μm and 2 μm) (A), Corresponding elemental mapping images 
(Scale bars: 1 μm) (B), TEM images (Scale bars: 5 μm and 1 μm) (C), and AFM images (Scale bars: 5 μm and 1 μm) (D) of the dried GAG. E), CD spectra of free GA and 
GAG. F) Zeta potential of free GA and GAG. G) 1H NMR spectra of various concentration of the GAG. H), Schematic diagram of the formation of the GAG. 
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immediately put into the instrument to detect the phase transition 
process. The MSD curve moved from left to right and from top to bottom 
during gelation, indicating that GAG’s viscoelasticity increased during 
the course of the process (Fig. 2D). As shown in Fig. S11, Supporting 
Information, the findings of the elasticity index (EI), macroscopic vis-
cosity index (MVI), and fluidity index (FI) with respect to the test 
duration also indicated a considerable increase in elasticity, viscosity, 
and decreasing fluidity. In the meanwhile, the heated GAG solution 
reached the gelation threshold after just 2 min and completed the 
gelation process in the next 10 min before becoming stable, indicating 
that GAG had a good gel ability. The process of the gel collapsing was 
next evaluated, and the results showed that GAG’s elasticity and vis-
cosity decreased as temperature increased (Fig. S12). Continually 
raising the temperature eventually induced phase separation and 
transparent GAG solution, which produced mixed MVI and FI results at 
the high temperature stage. The fact that GAG existed stably at 37 ◦C and 
turned into a cloudy fluid at 40 ◦C drives us to explore whether there was 
a stable state of GAG. Since the temperature of the human body was 
mainly between 36.9 ◦C and 38.0 ◦C, GAG was put into the water bath at 
38 ◦C. After heating for 10 min, the inversion tube tests showed that the 
GAG began to disintegrate slightly and then maintained in a semi-gel 
state (Fig. E). The dynamic time sweep at 38 ◦C demonstrated that the 
values of loss modulus (G′) were greater than those of storage modulus 
(G″), which further proved the situation described above (Fig. S13). MSD 

curves of GAG at 38 ◦C also were essentially consistent with above re-
sults (Fig. F). All of these excellent properties could be used to create 
secure and effective anti-PPA therapeutics and might open up a new 
possibility for GAG’s biomedical application and development. 

3.2. Spraying properties of GAG 

The administration of the spray solves the problem of non-contact 
drug delivery, which greatly reduces the possibility of secondary 
contamination during administration and also accomplishes the cus-
tomization and convenience of administration [60–62]. Spray applica-
tions also offer high-throughput treatments deposition straight to the 
uneven surfaces of the whole target location for later sustained release 
[63,64]. In order to explore the spray properties of GAG, a commercially 
available sprayer was used in the experiment for two major goals: (1) 
being appropriate for future surgical operations and daily life adminis-
tration; (2) dispensing in a uniform coating pattern. In further experi-
ments, the classical test tube inversion method was proved that GAG still 
had the gel properties after being ejected (Fig. 3A). SEM images revealed 
that sprayed-GAG fibers become thinner compared to GAG (Fig. 3B). 
What was striking about the figures was that the pristine GAG was more 
inclined to aggregate into clusters, then the sprayed-GAG fibers show 
more dispersiveness. More evidence came from particle size analysis 
experiments (Fig. 3C) which also fully proved that the particle size has 

Fig. 2. The phase transition behavior of the GAG. A) Comparison of GAG before and after being placed at room temperature for 3months. B) Normal temperature 
mixing experiment of GAG. C) Thermo-responsiveness behavior of GAG at different temperature. D). MSD curves of GAG during the sol− gel phase transition process 
at 25 ◦C. E). Digital images of the classical test tube inversion experiment at 38 ◦C. F). MSD curves of GAG during the sol− gel phase transition process at 38 ◦C. 

L. Zou et al.                                                                                                                                                                                                                                      



Materials Today Bio 22 (2023) 100755

7

the heterogeneity of the GAG, and sprayed - GAG had a more uniform 
particle size (142 nm). Nonetheless, circular dichroism results demon-
strated that spraying had no effect on the molecular packing of GAG 
inside filaments (Fig. 3D). In FT-IR spectroscopy result and corre-
sponding elemental mapping images (Fig. S14 and S15), there were no 
significant difference in the data result graph of GAG after spraying. We 
next aimed to further explore the influence of spraying on its rheology. 
The strain-dependent oscillatory shear rheology experiment (Fig. S16), 
the dynamic frequency sweep test (Fig. S17) and dynamic time sweep 
measurement (Fig. S18) indicated that spraying showed minimal impact 
on the rheological properties of the resulting GAG. From the above re-
sults, we believed that spraying could change the fiber homogeneity 
inside the gel, but do not change the way of gel accumulation, 
arrangement mode, the forming force and the rheological properties. In 
order to study the uniformity of the loading amount of each spray, we 
used the same sprayer for several consecutive spray experiments and 
collected the gel after each spray. Although each pressing strength had 
differences that resulted in differences in the weight of the GAG after 
spraying. As shown in Fig. 3E, their drug loading was roughly the same, 

which further showed that we could change the amount of gel used by 
changing the number of sprays. To verify the homogeneous pattern 
formation of GAG, a simple device (Fig. 3F) was used, and the results 
showed that, as the distance between the sprayer and the receiving 
surface was getting farther and farther, the spraying area was getting 
larger and larger. When the distance was 3 cm, the gel was more 
concentrated and the color was darker due to the small spraying area. 
When the distance was 5 cm, the spray area was larger, the same amount 
of gel was distributed more widely, and the color of the distribution was 
lighter. As the distance increases to 7 cm, its coverage area was much 
larger than the former two (3 cm, 5 cm) and the color was more uniform, 
indicating that the thickness of the gel was more uniform (Fig. 3G). For 
more objective results, intensity profile of a transverse section and 3D 
surface plot of the spray pattern showed the intensity of spray patterns as 
determined by Image-J (Fig. 3G). According to this study, the distance 
between the sprayer and the wound during the reuse of the GAG gel 
could be changed to alter the size of the contact surface between the 
GAG gel and the wound as well as the gel’s thickness. Together, these 
results demonstrated that the GAG may provide a general strategy to 

Fig. 3. General methods to examine the spray ability. A) Digital images of the classical test tube inversion experiment. B) SEM image of the GAG and the sprayed 
GAG, scale bar: 2 μm. C) The particle size of the GAG and the sprayed GAG. D) The CD spectra of GAG and the sprayed GAG. E) Drug content and weight of each gel 
ejection. (According to the order of the ejection and collection, the ejections are named P1, P2, P3, etc. The red dotted line is the average mass of GAG after ejection. 
The yellow dotted line is the average drug content). F) A simple device to test the uniformity of the spray gel. G) Spray-on pattern uniformity test at three different 
distances from the target surface, gels were dyed with 0.1 wt % allura red. (Top: Representative photographs of spray patterns taken at 7, 5, and 3 cm distances. Scale 
bar = 1 cm. bottom: Image-J-measured spray pattern intensity is shown in a 3D surface graphic). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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develop a promising carrier-free drug spray in line with modern needs. 
More importantly, we also assessed atomization performance of GAG 

after spraying with a nebulizer. As shown in Video1, Supporting Infor-
mation, GAG has good atomization performance. When the concentra-
tion of GA was 28 mg/mL, the average particle size of the droplets 
generated by the atomization was about 4.86 μm. The atomization rate 
and particle size of GAG were almost unchanged as the concentration of 
GAG formation decreases gradually (Fig. S19). The findings of this result 
have a number of important implications for future lung inhalable gel. 

3.3. Biocompatibility of GAG and in vitro antimicrobial activity 

One important aspect influencing the use of explant biomaterials in 
clinics was their compatibility with blood and cells in vivo [65]. 
Compared with the previously reported sodium glycyrrhetinate [49], 

the low dosage of GA and weak alkaline environment would reduce its 
cytotoxicity to the human body, making the topical application of GAG 
safer [66]. Therefore, we utilized the MTT method to evaluate the 
cytocompatibility of the GAG with H9c2 cells by a direct contact 
method. Encouragingly, MTT data showed that cell viability compared 
to the control group was unchanged, demonstrating the lack of cytotoxic 
effects (Fig. 4A). Similarly, live/dead staining analysis of cells treated in 
the same manner showed that after 24 h, the GAG did not make obvious 
toxicity to H9c2 cells (Fig. 4B). Then, a hemolysis assay with red blood 
cells (RBCs) was conducted to evaluate the blood compatibility. 
Compared with the positive control (water), the result showed that RBCs 
remained intact and undisrupted after incubation with GAG (Fig. 4C). 
Further, the hemolysis ratio calculation also showed the hemolysis ratios 
were less than 5%, confirming that GAG had excellent blood biocom-
patibility. These results supported the previous findings that GAG 

Fig. 4. GAG performed better sustainable release and lower cytotoxicity. A) MTT assay of H9c2 cells co-cultured with equal volumes of PBS and GAG. B). Live/dead 
staining of H9c2 cells after incubation with GAG for 24h. C) Image of the hemolytic experiment for GAG and hemolysis rate for GAG treated with RBCs for 3 h, with 
PBS serving as the negative control and water serving as the positive control. Photographs (D) and quantitative analysis (E) of disintegration characteristic of the 
GAG. F) Cumulative release profiles of the GAG. Data are presented as the mean ± SEM (n = 3). *represents P < 0.05, **represents P < 0.01 *** represents P < 0.001 
show the significant differences. 
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showed low cytotoxicity and strong hemocompatibility with mamma-
lian cells. 

In order to reduce the negative effects brought by the foreign body 
response and the degradation byproducts, the biodegradation duration 
of barrier material has become a crucial consideration for anti-PPA 
treatments [67,68]. As we all know, the barrier material needs to 
remain in the wound for the crucial phase of adhesion formation (3–5 

days after operation) [69]. Based on the thermal sensitivity of GAG 
described above, we speculated that this response performance could 
help it disintegration in the body within 3–5 days, so as to better exert its 
treatment effect. In order to test this hypothesis, the in vitro disintegra-
tion behavior of the hydrogel was studied further. Fig. S20 indicated that 
PBS would not affect the stability of GAG. Because the human abdominal 
cavity temperature is approximately 37.8 ◦C, two groups GAG (1 mL) 

Fig. 5. A) Effect of GAG on contents of TNF-α in LPS-induced RAW 264.7 cells. B) The average weight of mice in various groups. C) Effect of GAG on xylene-induced 
ear edema test. TNF-α (D) and PGE-2 (E) in the mouse ear tissue. F) Xylene-induced mouse ear tissue histopathological analysis. Scale bar:100 μm. G) The time 
required for different concentrations (19 mg/mL, 23 mg/mL, 28 mg/mL) of GAG to slide the same distance. H) Digital photos of the sliding process (2 cm, 5 cm, 7 cm 
respectively) of GAG on the inclined intestine surface. Scale bar:1 cm. I) 1 h and 2 h later, digital photos of GAG (GA:28 mg, Na2CO3: 0.075 mol/L, 1 mL) after gliding 
on the intestine surface. Scale bar:1 cm. All of data above are presented as mean ± SD (n = 7). ##p < 0.01 compared to the model group with the control group. 
*represents P < 0.05, **represents P < 0.01 of GAG group VS model group, respectively. 
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were sprayed in dialysis bags and put into PBS solution at 37.8 ◦C and 
room temperature, respectively, and photographs were taken to docu-
ment the existence state. At certain intervals, we took out the dialysis 
bags, took pictures, recorded, and observed the remaining amounts of 
gels. Not unexpectedly, as shown in Fig. 4D, the contents of the dialysis 
bags decreased over time, whether at room temperature or 37.8 ◦C. 
Compared with day 0, the gel weight in the dialysis bags was signifi-
cantly less on days 7 and 3, and the trend was gradually decreasing 
(Fig. 4E). In addition, we further conducted an experiment to examine 
that increasing temperature would encourage the breakdown of GAG 
and the release of GA (Fig. 4F). These results demonstrated that the GAG 
could exist throughout the process of intestinal adhesion formation, 
insulate the injured tissue, and then slowly release GA to play an 
anti-inflammatory effect. 

Bacterial infection could result in life-threatening consequences that 
induce the multiple organ failure and death. The sprayed and contactless 
administration could reduce local contamination but could not 
completely avoid abdominal infection. Therefore, considering the 
inherent antibacterial activity of GA, it might be significative for GAG to 
play an auxiliary antibacterial role. Generally, Gram-positive S. aureus 
and Gram-negative E. coli are two major causes of hospitalization- 
related infections. Considering the inherent antibacterial ability [57], 
antibacterial activity of the prepared GAG was tested on S. aureus and 
E. coli by colony-forming unit (CFU) methods [51]. Encouragingly, GAG 
inhibited S. aureus proliferation in a dose-dependent manner and could 
inhibit the reproduction of S. aureus. at 200μg/mL− 1 (Fig. S21 and 
Fig. S22), which might be due to the GA moiety of GAG could inhibit the 
uptake of nutrients via causing alterations in the expression of genes 
related to nutrient metabolism and modulate virulence via controlling 
the expression of several virulence factor [70,71]. At the E. coli group, a 
sizable proportion of colony-forming units (CFU) of still-viable bacteria 
were still visible in the GAG group (Fig. S21). The result of this research 
above could be supported by the previous experiment result that GA was 
not inhibitory against E. coli [72]. Considering all of the data, the results 
demonstrate that GAG exhibited great selective efficiency against 
Gram-positive S. aureus. Exposure of tissues to airborne and instru-
mental microorganisms is inevitable during gastrointestinal surgery. 
The selective antimicrobial activity of the GAG might be a beneficial 
quality for preventing infection after severe abdominal injuries. 

3.4. In vitro anti-inflammatory and the ear edema test 

Lipopolysaccharide (LPS)-induced RAW 264.7 cells were used as an 
in vitro inflammatory model to evaluate the anti-inflammatory effects of 
GAG. After LPS stimulation, the supernatant of the model group con-
tained significantly more tumor necrosis factor-α (TNF-α) than that of 
control group, showing that the amount of TNF-α released by macro-
phages was significantly increased (Fig. 5A). In addition, the findings 
confirmed the pattern that had been seen up to that point, showing that 
as GAG concentration rose, TNF-α concentration fell. The difference was 
considerable, especially between the model group, the positive group 
and the GAG group, showing that the 28 mg/mL GAG was more effective 
than the positive group and could further prevent inflammatory cells 
from releasing TNF-α. To further examine the anti-inflammatory ability, 
xylene-induced ear edema test for assessing the anti-inflammatory ac-
tivities of drugs, was carried out [73]. It has always been thought that a 
change in body weight during treatment indicates in vivo toxicity. No 
appreciable weight loss was observed, demonstrating that the locally 
administered GAG had no adverse effects (Fig. 5B). In addition, 
compared to the control group (Fig. 5C), GAG had a significant (P <
0.05) inhibitory effect on the auricle swelling of mice induced by xylene 
indicating that GAG remarkably suppressed acute inflammation in vivo. 
TNF-α and other proinflammatory cytokines, to our understanding, play 
important roles in the inflammatory process. Prostaglandin E2 (PEG-2) 
is typically a crucial pro-inflammatory mediator involved in all major 
signs of inflammation: edema, redness, swelling and pain. We found that 

TNF-α (Fig. 5D) and PEG-2 (Fig. 5E) levels were reduced by GAG in rat 
models of inflammation brought on by xylene. Additional histopatho-
logical examination of ear tissue sections revealed that xylene-induced 
edema and inflammatory cell infiltration in the ear tissue were signifi-
cantly reduced (Fig. 5F). In the blank group, the ear tissue of mice was 
complete in morphology and structure, with a thin layer of stratum 
corneum on the surface, clear epidermal structure, little difference in 
thickness, less thin subcutaneous connective tissue, and distribution of 
capillaries and nerves. The auricle cartilage was parallel to the skin. No 
other obvious pathological changes were found; the model group mice’s 
ears were noticeably thicker, and there was edema in the auricular 
subcutaneous tissue; the connective tissue was sparsely arranged, the 
transmittance was enhanced, and there were more inflammatory cells 
infiltrated in the subcutaneous tissue, mainly lymphocytes and neutro-
phils. The edema of the subcutaneous tissue of the auricle of the mice in 
the administration group and the number of infiltrated inflammatory 
cells were significantly relieved and decreased compared to the model 
group. In addition, we also tested the anti-inflammatory activity of low 
concentrations of GAG (GA:19 mg, Na2CO3: 0.075 mol/L, 1 mL) 
(Fig. S23), showing that low concentrations of GAGs are less effective 
than high concentrations (GA:28 mg, Na2CO3: 0.075 mol/L, 1 mL). This 
was exactly in line with our previous speculation that the GAG (GA:28 
mg, Na2CO3: 0.075 mol/L) had a better therapeutic effect to treat 
inflammation. 

3.5. In vivo anti-adhesion test 

Pharmaceutical studies have been proved that anti-inflammatory 
drugs have been adopted clinically using to prevent postoperative 
adhesion. The in vitro studies above-mentioned, including, stability 
study, disintegration experiment and spray characteristics test, demon-
strated that the GAG was a promising candidate as barrier material. 
Herein, the GAG was further investigated in relation to the treatment 
effect of PPA. Because effective retention on target tissues in body fluids 
and better regulated degradation profiles depend on organ-adhesive 
performance. We firstly assessed the ability of the GAG bind to the 
surface of intestine surface obtained from a pig. Taking into account the 
gaps between adjacent intestines and the curvature of the intestines 
themselves, the different concentration of GAG droplet (0.2 mL) was 
placed on the inclined intestine surface (30◦) and their sliding time and 
distance relationship was recorded (Fig. S24). the GAG could slide on 
the surface of the intestine and has a certain amount of retention in the 
initial position, evidencing the ability of GAG to adhere the surface of 
intestine surface (Fig. 5G and H). It was probably because the GAG was 
negatively charged and was rich in oxygen-containing groups (carboxyl 
group, carboxy and hydroxyl groups), which were conducive for the 
GAG to attach the proteins with a positive charge by hydrogen bonds 
and electrostatic interaction [74–76]. Compared with low concentration 
(GA:19 mg/mL, Na2CO3: 0.075 mol/L) and medium concentration 
(GA:23 mg/mL, Na2CO3:0.075 mol/L) of GAG, GAG (GA:28 mg/mL, 
Na2CO3:0.075 mol/L) took longer to slide the same distance, further 
indicating that 28 mg/mL GAG possessed greater viscosity and was more 
suitable to be used as ideal material (Fig. 5G). We then sought to assess 
the effects of spraying on GAG’s capacity for adhesion (Fig. 5H and I). As 
we expected, the sprayed GAG was evenly distributed on the surface of 
the intestine at first, and after 2 h, the area of GAG became larger and 
formed a gel film on the surface of the intestine. These obtained results 
provided a foundation for the new treatment strategy of intestinal ad-
hesions. To control the inflammatory reactions and further relieve the 
development of PPA, GAG was used in an in vitro adhesion formation 
model. As shown in Fig. 6A, layer by layer, the abdominal cavity was 
dissected to expose the natural abdominal wall and cecum. The cecum 
was scraped until macular hemorrhage formed after the abdominal wall 
was made defective. The GAG (1 mL) spray was then evenly applied to 
each defect location to isolate the defective cecum and abdominal wall 
of each rat (Video 2, Supporting Information). Control was sterile 
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normal saline. Simultaneously, as a positive control group, 1 mL com-
mercial hyaluronic acid (HA) hydrogel was injected onto the injured 
abdominal wall and damaged cecum. The abdominal cavity was then 
stitched layer by layer. 

The adhesion between the abdominal wall and the cecum of rats was 

examined on 7 days following surgery. In the GAG group, the absence of 
any GAG remnants in the abdominal cavity proved that the substance 
had totally broken down, illustrating that it fulfilled its function as an 
effective adhesive-prevention barrier and has good degradability in the 
animal body. Fig. 6B, C, and D showed examples of gross observation 

Fig. 6. Post-surgery antiadhesion efficacy of GAG in a model with rat side wall defect and cecum abrasion. A) A schematic showing the treatment for the sidewall 
defect-cecum abrasion and peritoneal adhesion score. B) Digital photos of the cecum and abdominal side wall 0, 7, and 14 days aftertreatment (white arrows 
indicated adhesion sites between the abdominal wall and cecum). Adhesion scores of different groups after treatment on day 7 (C) and day 14 (D) postoperation. All 
of data above are presented as mean ± SD (n = 7). *represents P < 0.05, **represents P < 0.01. 
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images of adhesion formation and adhesion scores. Strong adhesion 
between the peritoneum and cecum was present in all of the rats in the 
control group, where the proximal omentum, adjacent mesentery, and 
adipose tissues, as well as a significant portion of the peritoneal 
epidermis, were all tightly adhered. Moreover, all of the rats (n = 7) had 
adhesion scores more than or equal to 3. For the group treated with HA 
hydrogel, rats still suffered from peritoneal adhesions scored at 2.28571, 
showing the clinical used HA hydrogel could only reduce the post-
operative adhesions to some extent. Conversely, as a result of the GAG’s 
barrier effect, the GAG group exhibited moderate adhesion with mini-
mal bridging around the peritoneum and cecum. The adhesion score of 
the rats was equal to 0.857, which was much lower than that of HA 
hydrogel and model groups, indicating a perfect prevention rate with no 

adhesion (P < 0.05, Fig. 6C). After treatment for 2 weeks (Fig. 6B, C, D), 
the adhesions between the abdominal wall and injured cecum were also 
plainly visible in the control group. The sticky sites could not be sepa-
rated by minor straining unless using sharp instruments to peel off the 
adhesive area. Compared to the control group on 7days, the extent of the 
adhesions expanded to some extent over time. In the commercial HA 
hydrogel group, the result could be clearly observed that the HA 
hydrogel could only partially alleviate the adhesion with a score of 
2.42857, indicating the unsatisfactory anti-adhesion efficiency of com-
mercial HA hydrogel. By contrast, for the GAG group, most rats (n = 3) 
showed no tissue adhesion. Importantly, the bleeding points and defects 
resulting from model establishment completely disappeared and had 
almost recovered. Both the damaged cecum and the abdominal wall 

Fig. 7. H&E staining and MT staining were used to analyze the histopathology of samples from the control, HA hydrogel and GAG-treated groups on days 7 (A) and 
14 (B) following surgery. AW: the surface of the abdominal wall. CE: surface of the cecum. The adhesion area in the control group was represented by red dotted lines. 
Scale bars: 400 μm. Statistical analysis of collagen deposition on days 7 (C) and 14 (D). E) The weight of mice in different groups. The bar graphs represent mean +SD 
(n = 3), *represents P < 0.05, **represents P < 0.01. *** represents P < 0.001 show the significant differences. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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were fully repaired. The adhesion score of the GAG group (0.875) was 
lower than the other adhesion scores of two groups (3 and 2.42857, 
respectively), supporting the anti-adhesion efficacy of the GAG. 

The mucosa, submucous membrane, and muscle layer are the pri-
mary locations of the early inflammatory response of abdominal adhe-
sions. As seen by H&E staining, inflammatory cells were recruited in the 
three groups (Fig. 7A and B). For the control group, the injured cecum’s 
smooth muscles and the harmed abdominal wall were united on day 7. 
Additionally, there were many inflammatory cells, such as neutrophils, 
macrophages, and lymphocytes. The commercial HA hydrogel can only 
decrease inflammation to a limited level in the HA hydrogel group. In 
comparison to the control group, the inflammatory and congestive re-
sponses were significantly reduced after GAG therapy. These findings 
demonstrated that the product GA produced by GAG disintegration 
might reduce inflammation in the cecum and damaged abdominal wall. 
One of the key elements in the development of fibrous adhesion was the 
deposition of collagen. Masson trichrome (MT) staining, which showed 
the deposition of collagen (stained blue in the adhesion region), revealed 
strong attachment of the abdominal wall and cecum mucosa in the 
control group (Fig. 7A, B, C). Furthermore, a mild fibroproliferative 
response, connective tissue fibrosis, collagen deposition, and collagen 
volume fraction in the adhesion sites suggested that the commercial HA 
hydrogel simply exerted a limited therapeutic effect on postoperative 
adhesions. As opposed to the control group and HA hydrogel group, the 
injured abdominal wall and cecum in GAG group were evaluated inde-
pendently owing to the poor adhesion. The injured areas showed signs of 
fibroblasts and collagen fibers, and the defected abdominal wall was 
repaired with new peritoneal mesothelium. In addition, the GAG-treated 
the injured abdominal wall and cecum showed a lower collagen volume 
fraction ((Fig. 7C). In the control group, H&E staining (Fig. 7A, B, D) 
after 14 days revealed that the injured cecal muscular layer and the 
muscles of the abdominal wall were fused by connective tissue with a 
significant amount of inflammatory cells, indicating that inflammation 
and the formation of adhesions were closely related processes. There 
was still noticeable dense collagen deposition between the harmed 
cecum and the harmed abdominal wall in the control group. For the HA 
hydrogel group, H&E staining and MT staining indicated that the degree 
of adhesion was alleviated to some extent, indicating its poor prevention 
effect on the recurrent adhesions. The GAG group, however, showed 
pathological evidence of weak adhesion and a lesser collagen volume 
fraction (Fig. 7D). And the epithelial structures of the abdominal wall 
and the cecum were completely reconstructed. These results provided 
additional evidence that the GAG could successfully and consistently 
avoid the abdominal cecum adhesion. An ideal anti-adhesion material 
would not only operate as a barrier with a proper therapeutic effect but 
it would also not be poisonous to the organ toxicity. On day 7 and day 14 
postoperation, as shown in Fig. 7E, the increase in body weight among 
the rats in each group suggested that GAG had no unfavorable conse-
quences on the health. Compared with the normal tissue, in the GAG 
group, there was no significant change in histology between day 7 and 
day 14 after treatment (Fig. S25). The deposition of collagen also was 
similar to normal tissue, further demonstrating that the GAG was 
biocompatible and did not show any negative effects for local tissue. On 
the basis of the above results, the GAG was a potential material for the 
prevention of intraperitoneal adhesion. 

The primary contributors to peritoneal adhesion during surgery were 
the unavoidable peritoneal damage, inflammatory response, and the risk 
of infection. Furthermore, the entire process of adhesion creation in-
volves the inflammatory reaction. To stop the development of fibrin and 
the migration of inflammatory cells from other wound sites, a viable 
alternative barrier material with excellent biodegradability also should 
be placed over irregular wound sites. On the basis of the above results, 
the aforementioned factors must be taken into account when preventing 
postoperative peritoneal adhesion. Fortunately, the GAG was basically 
in line with the points mentioned above and the following explanations 
might be used to explain this phenomenon: (1) Owing to good spraying 

characteristic, the GAG could avoid wound foreign body contaminants 
pollution carried by instruments during drug delivery. The inborn 
antibacterial activity might be a beneficial assistant for help kill intra-
peritoneal microbial infected during surgery. (2) After sprayed, the GAG 
could rapidly form a thin hydrogel film in tissue surface and completely 
cover the peritoneum injury surface, physically isolating the injury sites 
from neighboring tissues. At the same time, it could exist throughout the 
process of intestinal adhesion formation (3–5 days after operation) to 
reduce contact between injured tissues. The stable GAG could further 
form a drug depot in the lesion tissue and be completely disintegrated to 
slowly self-releases GA within seven days. (3) Its good biocompatibility 
could ensure the GAG without causing a secondary inflammatory reac-
tion. Furthermore, on account of anti-inflammatory effects of natural 
GA, GAG also could the inflammatory response on the damaged surface 
including inflammatory cells infiltration. All of which might have crit-
ical roles in preventing adhesion and subsequent adhesion following 
adhesiolysis. Together, these findings illustrated that the GAG had the 
capacity to manage and deter postoperative adhesions between biolog-
ical interfaces. 

4. Conclusion 

In summary, this study aimed to achieve a biosafe, biodegradable, 
low toxic but highly effective and therapeutically accessible transformed 
material to prevent the development of peritoneal adhesion following 
surgery. In this strategy, the GAG was easily developed by combining 
glycyrrhetinic acid and sodium carbonate solution and exhibited 
promising self-healing, anti-inflammatory activity, biodegradability. 
The results of the biocompatibility and antibacterial tests also demon-
strated that this easy-assembled GAG had outstanding antibacterial ac-
tivities against S. aureus with no cytotoxicity. In particular, the spray 
ability of GAG realized the convenience of drug delivery and the dose 
could be customized according to the patient’s own conditions. More-
over, a model for sidewall defects and cecum abrasion was developed. It 
was discovered that the GAG may serve as a physical barrier material as 
well as an additional therapeutic medication, significantly reducing the 
formation of postoperative peritoneal adhesions by reducing inflam-
matory reactions and collagen fiber deposition. The current research 
would therefore be an effective method of preventing peritoneal adhe-
sions and has promising clinical applications for this goal. 
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doi.org/10.1016/j.mtbio.2023.100755. 
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