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A B S T R A C T   

Polysaccharides are extracted from Ornithogalum by maceration using different ultrasound (US) treatment times 
(0%US, 50%US, 100%US), and under optimized extraction conditions (OP%US). The total carbohydrates content 
(TCC) and proteins content of the extracts were determined. Data show that the extraction parameters signifi
cantly influence the extracts composition. Rheological measurements allowed determining the liquid, interme
diate and gel states of the extract's solutions. The adhesion strength of the solutions was evaluated on paper and 
polylactide (PLA) substrates to evaluate their potential as environmentally friendly adhesive. OP%US presents 
the highest adhesion strength (1418.3 kPa) on paper, and is further tested on pork skin substrates. The adhesion 
strength is higher on skin/paper (870 kPa) than on skin/skin (411 kPa) substrate due to the capillary force of 
paper which allows penetration of adhesive into the micropores of paper. The correlation between rheological 
properties and adhesion strength indicates that the adhesion strength strongly depends on the state of adhesives 
and the substrate type. SEM analyses show that higher adhesion strength (intermediate and gel states) involves 
both cohesive and adhesive failure, whereas only adhesive failure is observed in liquid state on PLA substrates. 
Therefore, these polysaccharides extracts could be very promising as tissue adhesive in medical applications.   

1. Introduction 

Synthetic adhesives generally present high adhesion strength which 
can reach 40 MPa in the case of the epoxy adhesives [1,2]. However, 
most of them are toxic and harmful to the human health and the envi
ronment because of the presence of volatile and highly reactive organic 
compounds such as epichlorohydrin, toluene, diisocyanate, and form
aldehyde [3,4]. 

In recent years, the development of bio-based adhesives attracted 
more and more attention as they allow to avoid health hazards and 
environment pollution, as well as to reduce the dependency on petro
leum resources [5]. Li et al. developed a mechanical approach to get 
insights into abalone adhesion on different types of surfaces, and found 
that the normal adhesion strength mainly stems from the suction pres
sure, van der Waals force, capillary force, and Stefan adhesion [6]. Liu 
et al. developed a unified analysis framework for the adhesion of an 

elastic system with movable boundaries [7]. Many studies showed that 
the adhesion strength is strongly related to the work of adhesion which 
is dependent on the surface energy and thus on the contact angle [8]. 
Nevertheless, currently there is no in-depth study on the effect of the 
rheological state of adhesives on the adhesion strength. 

Polysaccharides generally present good biocompatibility, biode
gradability, and mechanical properties, which allowed applications as 
medical dressing and bio-adhesives, including adhesives for wood, plant 
particles, glass, and metal [9,10]. Nevertheless, the adhesive strength of 
polysaccharides is much weaker than that of synthetic ones, which 
constrains their industrial applications. For example, Yamada et al. re
ported an adhesion strength of 400 kPa for chitosan reticulated with 
glutaraldehyde [9]. 

Polysaccharides are often associated with other compounds. The 
presence of proteins in cross-linked polysaccharide has major influence 
on the network structure [11], and can contribute to the adhesion 
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strength and the stability of polysaccharides [12]. Yuan et al. obtained 
an optimal adhesion strength of 0.99 MPa for soybean polysaccharide 
conjugated to soy protein on plywood. 

The adhesive properties of polysaccharides are closely related to 
their rheological behavior which depends on the basic characteristics 
such as polarity, hydrogen bonding, functional groups [13], and mo
lecular weight and dispersity [14], on the chain structure such as chain 
lengths, degree and pattern of branching chains, and on the presence of 
heteromonomers [15–17]. The presence of carboxylates, ethers, and 
hydroxyls in the skeleton of polysaccharides increases the polarity and 
hydrogen bonding, which enhances the adhesion strength on metals and 
wood substrates. On the other hand, the presence of hydroxyl and 
carboxylate groups allows for noncovalent inter/intra chain in
teractions, chemical modification and cross-linking to improve the 
adhesion strength [18]. 

The most important properties of a tissue adhesive include me
chanical strength, rheological behavior, biocompatibility, and biode
gradability. The rheological behavior of a viscoelastic material is usually 
characterized by storage modulus (G′) and loss modulus (G′′). The 
optimal adhesion strength can be achieved through the balancing be
tween the elasticity and rigidity of adhesives. Whereas the cohesive and 
adhesive failure can be evaluated using the Scanning Electron Micro
scope analysis. 

In our previous study, a new extraction process combining both ul
trasound and maceration was optimized to extract polysaccharides from 
Ornithogalum, a non-edible wild plant widespread in Lebanon, using the 
Surface Response Methodology (RSM) [19]. The extracted poly
saccharides were characterized by using 1H,13C, HSQC, HMBC, and 
COSY NMR analysis. The antioxidant activities and the biocompatibility 
of the extract were also examined to evaluate its potential for applica
tions in the agro-food industry [20]. 

The aim of the present study was to elucidate the effect of extraction 
conditions on the extract's composition, rheological properties and 
adhesion strength. The adhesion strength and its correlation with the 
rheological behavior were investigated at different types of substrates in 
order to develop a new bio-based tissue adhesive for medical 
applications. 

2. Materials and methods 

2.1. Extraction 

The polysaccharides were extracted from Ornithogalum by combi
nation of maceration and sonication as previously reported [19]. Briefly, 
1 g of the purified powder was added in 10 mL of ultrapure water. The 
mixture was homogenized for 30 s at 3500 rpm. Extraction was carried 
out using the ultrasound (Badelin SonoRex) at fixed frequency (35 kHz) 
and power (120 W) during 30 min at 25 ◦C. The time ratio of ultra-sonic 
treatment to the total extraction was 0%, 50%, and 100%, correspond
ing to 0, 15 and 30 min ultra-sonic treatment, respectively. The extracts 
were then obtained by precipitation in ethanol, followed by centrifu
gation at 6000 rmp for 15 min, and vacuum drying at 40 ◦C up to 
constant weight. The extract previously obtained under the optimal 
extraction conditions (extraction time 37.1 min, temperature 44.2 ◦C, 
water volume to mass ratio 33.8 mL/g, and US% 51.7%), namely OP% 
US, was comparatively studied [19]. 

2.2. Characterization of the extracts 

2.2.1. Total carbohydrates content (TCC) 
The TCC of the extracts was determined according to Dubois method 

[21]. A stock solution of extract at 2.5 mg/mL was prepared, and diluted 
200 times. 500 μL of the diluted solution was mixed with 2.5 mL of 
concentrated H2SO4 and 500 μL of phenol at 5% w/w. After incubation 
for 10 min at 100 ◦C, the mixture was cooled down to room temperature 
for 20 min in the dark, and the absorbance was measured at 490 nm. The 

concentration of polysaccharides was obtained from a previously 
established calibration curve using glucose as standard. The TCC (%) 
was calculated using the following equation. 

TCC (%) =
WP

WS
× 100 (1)  

where WP is the weight of polysaccharides, and WP the weight of sample. 

2.2.2. Protein content 
The protein content of the extracts was determined according to 

Lowry method [22]. A stock of reagent solution was first prepared by 
mixing 2% (w/v) Na2CO3, 1% (w/v) CuSO4.5H2O, and 2% (w/v) sodium 
potassium tartrate at a volume ratio of 100:1:1. 0.1 mL of 2 N NaOH was 
added to 0.1 mL of sample solution, then the mixture was heated at 
100 ◦C for 10 min in boiling water bath. After cooling down to room 
temperature, 1 mL of freshly prepared reagent was added to the mixture, 
followed by addition of 0.1 mL of Folin reagent (1 N) 10 min later. After 
homogenization, the solution was allowed to stand at room temperature 
for 30 min, and the absorbance was measured at 550 nm. The protein 
content was obtained from a standard curve previously established by 
using bovine serum albumin (BSA) as standard at concentrations 
ranging from 0.1 to 1.0 mg/mL [22]. 

2.3. Size-exclusion chromatography (SEC) 

Size-exclusion chromatography (SEC) was carried out using HPLC 
(DW-LC1620A) equipped with TSK gel PW5000 + PW3000 columns and 
refraction index and ultraviolet detectors. The temperature of the col
umns and detectors was 20 and 35 ◦C, respectively. A pH 6 phosphate 
buffer at 10 mg/mL was used as eluent at a flow rate of 1 mL/min. 
Calibration was realized using pullulan standards with molar masses 
from 500 to 25,000 Da. Data were processed using OmniSEC software. 

2.4. Rheological properties 

Rheological experiments were performed with Physical MCR 301 
Rheometer (Anton Paar). Measurements were made at 25 ◦C using a 
cone plate (cone of 1◦, diameter of 50 mm). Silicone oil was applied to 
avoid water evaporation. The stress-shear sweep was done for solutions 
at different concentrations from 5 to 25% using a steady shear flow 
range from 0.01 to 1000 S− 1. 

Angular frequency sweep was performed in the linear viscoelastic 
regime from 40 to 800 rad/s corresponding to a shear strain range from 
0.01 to 70% at fixed angular frequency 10 rad/s. 

2.5. Adhesion test 

The international standard ISO 4587-03 describes a method that 
consists in determining the tensile lap-shear strength of rigid-to-rigid 
bonded assemblies. A single-overlap adhesive joint bond was stressed 
by application of a tensile force parallel to the bond area and to the 
major axis of the specimen in order to determine the adhesive force [23]. 
This standard was adopted with slight modification, using poly (lactic 
acid) (PLA) and paper (180 g/m2) as substrates. The preparation of the 
samples was carried out as follows. The polysaccharides extract was 
dissolved in distilled water at desired concentrations to yield an adhe
sive, and a volume of 5 μL was deposited on the part to be bonded. Then, 
the adhesive was gently spread to homogeneously cover the entire 
bonding surface (40 mm2). After that, the samples are dried at room 
temperature for 30 min under a pressure of 9.8 N on the adhesive. 

Lap-shear standard test by tension loading ASTMF 2255-05 is used to 
determine the force of tissue adhesives [24]. The pork skin dermis 
excised from belly was used as biological substrate. After removal of 
non-dermal tissues by blunt dissection, all tissues were frozen rapidly, 
cleaned and thawed prior to testing. The dermis was cut in 10–14 mm 
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pieces. 5 μL of the adhesive was applied to one side of dermis. Then, it 
was overlapped by a second piece (Fig. 1). All the samples are kept 
moisturized and are tested 1 h after adhesive application. The crosshead 
speed was 10 mm⋅s− 1. For each test, the load versus displacement was 
measured, and the shear stress at break is used to characterize adhesion 
for each formulation. Each sample was tested at least seven times. 

The tests of the adhesive formulations (0% US, 50% US, 100% US, OP 
%US) with various bonded assemblies (PLA/adhesive/PLA, paper/ad
hesive/paper, skin/adhesive/skin, and paper/adhesive/skin), were 
carried out by using Metravibe DMA 50 N, under static conditions where 
the force ramp as a function of time was fixed at 0.1 N/s. The data of all 
testes were recorded in real time using a software Computer-based 
analysis. 

The used dimensions of the samples are as the following:  

• Width l = 10 mm.  
• Thickness E′ = 0.44 mm for PLA, 0.22 mm for paper.  
• Length L = 14 mm.  
• Contact length L′ = 4 mm. 

The adhesion strength was calculated using the following equation. 

σb =
Fb

A
(2)  

where σb is the stress at break (kPa), Fb is the force at break (N), and A is 
the contact area (m2). 

2.6. Scanning electron microscopy (SEM) 

The failure types and the effect of mechanical interlocking are 
determined by using scanning electron microscopy (SEM). The micro
structures for the substrate after adhesion tests, and cleaning by hot 
presser air gun were analyzed using Zeiss EVOHD15 with a resolution of 
1.9 nm at 30 kV. 

2.7. Statistical analysis 

All experiments were run in triplicate for the rheological tests, and 7 
times for the tensile strength tests. Data are expressed as mean ± SD 
(standard deviation). A one-way analysis of variance (ANOVA) was then 
performed to estimate the significance. A value of p < 0.05 is considered 
statistically significant. 

3. Results and discussion 

3.1. Composition of the extracts 

The TCC and protein content of the samples extracted by maceration 
for 30 min (0%US), combination of 15 min maceration and 15 min ul
trasound (50%US), ultrasound treatment for 30 min (100%US), and that 
obtained under optimized conditions (OP%US) are shown in Table 1. At 
mild conditions (25 ◦C), the maximum of TCC (%) is obtained for 50%US 
(80.2%), while the lowest value of 58.2% is obtained for 0%US. The 
increase of ultrasound from 50 to 100%US decreases the TTC from 80.2 
to 66.1%. OP%US actually presents the highest TCC (83%) compared to 
0, 50, and 100%US extracts. In fact, sonication destroys the plant cell 
wall and reduces the particle size, which enhances the polysaccharides 
extraction [25]. SEC analysis was performed to figure out the effect of 
ultrasound treatment on the molar mass of the extracts, as summarized 
in Table 1. The results indicate that the increase of ultrasound time from 
0 to 30 min at mild condition 25 ◦C doesn't affect the molar masse. 
Nevertheless, excessive US treatment provokes chain cleavage due to the 
cavitation effects [26]. 

The results also show that under mild temperature (25 ◦C), 
increasing US treatment from 0% to 100% leads to protein content in
crease from 2.4% to 7.7%. Thus, the use of ultrasound could allow to 
extract additional species. It is also noted that OP%US presents the 
lowest proteins content of 2.1%. Similar results were reported by Hou 
et al. The authors obtained protein content of 1.9% and 3.7% in the 
extracts from Chestnut without or with ultrasound treatment, respec
tively [27]. Extraction was made at 80 ◦C for 30 min with a volume to 
mass ratio of 20 mL/g. 

3.2. Rheological characterization 

3.2.1. Analysis of linear viscoelastic domain LVE 
The determination of the linear viscoelastic behavior (LVE) makes it 

possible to identify the gel state (G′ > G′′), and liquid behavior (G′ < G′′). 
Serrero et al. defined an intermediate state when G′ and G′′ are over
lapped [28]. 

Fig. 2 and Table 2 present the linear viscoelastic region for the 4 
samples at fixed angular frequency of 10 rad/s. Different concentrations 
were used: 5%, 10%, and 15% for 0%US, 5%, 6.75%, 10%, and 15% for 
50%US, 5%, 6.37%, 10%, and 15% for 100%US, and 10%, 20%, and 
30% for OP%US, respectively. The concentrations were selected so as to 
find and characterize the three states, i.e., liquid, intermediate, and gel 
states. The single factor ANOVA test was carried out to determine the 
significance of difference between the values of G′ and G′′. The results 
are presented in Tables 1S and 2S (see Supporting information). 

For 0%US at 5%, the sample presents a liquid-state behavior as G′′

(0.70 Pa) is higher than G′ (0.37 Pa). The p-value is 3.1 × 10− 4, indi
cating there is significant difference between G′ and G′′. At a concen
tration of 10%, the G′ and G′′ increase to 1.97 Pa and 1.96 Pa, 
respectively. The p-value is 9.08 × 10− 1, indicating that G′ and G′′ are 
overlapped and there is no significant difference between them, char
acterizing the intermediate state. Indeed at 15%, the G′ and G′′ values 
are 6.02 Pa and 4.65 Pa, respectively, with a p-value of 1.3754 × 10− 2. 
This indicates that the sample is characterized as gel state behavior. 

50%US presents also a liquid sated behavior at 5%. The G′ and G′′

values are 0.52 and 0.62 Pa, respectively, with a p-value of 6.142 ×

E = 0.22 mm 

E’ = 0.44 mm 

L’ = 4 mm 

L = 14 mm 

 = 10 mm 

Fig. 1. Sample dimensions used for tensile tests.  

Table 1 
Total carbohydrate content (TCC) and proteins content data of the extracts.  

Extract TCC (%) Protein's content (%) Mw Ð 

OP%US 83.0 ± 0.1 2.1 ± 0.1 – – 
0%US 58.2 ± 1.1 2.4 ± 0.1 3140 1.452 
50%US 80.2 ± 1.0 4.8 ± 0.2 3235 1.467 
100%US 66.1 ± 0.3 7.7 ± 0.3 3145 1.482  
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10− 3. The intermediate state is detected at 6.75% with G′ and G′′ values 
1.37 Pa, and 1.38 Pa, respectively. The p-value is 8.86 × 10− 1, indi
cating that there is no significant difference between G′ and G′′. The 
solid-state behavior was observed for concentrations above 6.75%. 
When the concentration increases from 10% to 15% the G′ increases 
from 3.96 to 9.28 Pa, and the G′′ increases from 2.93 to 6.1 Pa. The p- 
value of 10% and 15% are 8.23 × 10− 3 and 4.2 × 10− 5, respectively. 

The liquid state of 100%US is also detected at 5%. The G′ and G′′

values are 0.61 Pa and 0.74 Pa, respectively. The p-value is 1.823 ×
10− 2, in agreement with a significant difference between G′ and G′′. The 
intermediate state is detected at a concentration of 6.37%. The values of 
G′ and G′′ are 1.28 and 1.27 Pa, respectively, with a p-value of 0.819. 

When the concentration increases from 10% to 15%, the G′ and G′′ in
crease from 3.33 to 7.16, and from 2.53 to 4.97, with p-values of 4.08 ×
10− 4 and 7.77 × 10− 5, respectively. 

OP%US is extracted at higher temperature (45 ◦C) compared to 0%, 
50%, and 100%US which are extracted at 25 ◦C. The sample presents a 
liquid state behavior (G′′ > G′) at 10% and 15%. When the concentration 
increases from 10% to 15%, the G′ increases from 0.51 Pa to 1.06 Pa, and 
G′′ from 0.77 Pa to 1.46 Pa. The p-value for 10% and 15% is 3.162 ×
10− 3, and 2.194 × 10− 3, respectively, indicating a significant difference 
between G′′ and G′. The intermediate state is detected at 20% with G′

and G′′ values of 2.73 and 2.69 Pa, respectively with a p-value 7.25 ×
10− 1. At 30%, the OP%US sample exhibits a gel-state behavior, with G′, 

BA

C D

Fig. 2. Storage modulus (G′) and loss modulus (G′′) changes as a function of strain: 0%US (A), 50%US (B), 100%US (C), and OP%US (D) at different concentrations.  

Table 2 
G′ and G′′ values of 0%US, 50%US, 100% US, and OP%US from LVE tests.  

LVE 0%US 50%US 100%US OP%US 

w/v (%) G′ G′′ G′ G′′ G′ G′′ G′ G′′

5 0.37 ± 0.04 0.696 ± 0.04 0.52 ± 0.03 0.65 ± 0.03 0.61 ± 0.04 0.74 ± 0.04 – –  
6.37 – – – – 1.28 ± 0.06 1.27 ± 0.06 – –  
6.75 – – 1.37 ± 0.08 1.38 ± 0.08 – – – –  
10 1.97 ± 0.1 1.96 ± 0.1 3.96 ± 0.11 2.93 ± 0.11 3.33 ± 0.09 2.53 ± 0.09 0.51 ± 0.05 0.77 ± 0.05  
15 6.02 ± 0.4 4.65 ± 0.4 9.28 ± 0.8 6.1 ± 0.8 7.16 ± 0.28 4.97 ± 0.28 1.06 ± 0.07 1.46 ± 0.07  
20 – – – – – – 2.73 ± 0.13 2.69 ± 0.13  
30 – – – – – – 7.53 ± 0.21 5.95 ± 0.21  
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G′′ and p-value of 7.53 Pa, 5.95 Pa, and 7.71 × 10− 4, respectively. It is 
noticed that 50%US presents the highest values of G′ and G′′ compared 
to 0%, 100%, and OP%US. 

Table 2S presents the results of single factor ANOVA tests for G′ and 
G′′ carried out at the same concentration for different ultrasound treat
ments. The results of p-values indicate clearly that there is a significant 
difference for G′ at 5%, 10%, 15% w/v between (0%US, 50%US), (0% 
US, 100% US) and (50%US, 100% US), while there is no significant 
difference for G′′ between (0%US, 50%US), (0%US, 100%US), and (50% 
US, 100%US). Therefore, the storage modulus is strongly affected by 
ultrasound treatment, in contrast to loss modulus. Indeed, when the 
temperature increases from 25 ◦C to 45 ◦C at 10%, all p-values for G′ and 
G′′ are significant, while at 15% the p values of G′′ for (50%US, OP%US), 
and (100%US, OP%US) are not significant. Hence, at high temperature 
and low concentration, the loss modulus is also affected by ultrasound 
treatment. 

The storage modulus represents the energy stored in the elastic 
structure of a material or hydrogel whereas the loss modulus represents 
the amount of energy dissipated in the sample [29]. In other words, the 
storage modulus increases with the increasing of molar masse, chains 
entanglement, and crosslinking. Thus, longer ultrasound treatment de
creases the percentage of high molar masse chains, leading to decrease 
of polymer chains entanglement and consequently to decrease the 
storage modulus. 

3.2.2. Frequency sweep analysis 
The viscoelastic behavior was studied at fixed shear stress of 1 Pa for 

all samples (0%US, 50%US, 100%US, and OP%US) at different con
centrations, as shown in Fig. 3. Both G′ and G′′ increase with the increase 
of concentration, and are depended on the frequency. The liquid states 
are detected at 5% for 0%, 50%, and 100% US, whereas the solid states 
are detected at 15% for 0%US, and at 10% for 50%US and 100%US. The 
intermediate states are detected at 10%, 6.75%, and 6.37% for 0, 50, and 
100%US, respectively, in agreement with the results of LVE tests. tan δ 
= G′′/G′ is used to characterize the viscoelastic state of hydrogels. tan δ 
value below 1, equal to 1, and above 1 is characteristic of solid-state, 

intermediate state and liquid-state, respectively. The results are pre
sented in Table 3, together with the slopes of G′ and G′′ determined from 
the frequency sweep tests. tan δ well corroborate with those of LVE tests. 
On the other hand, when the concentration increases from 5% to 15%, 
the slope of G′ for 0%, 50%, 100%US, and OP%US decreases from 0.946 
to 0.482, from 0.546 to 0.242, from 0.659 to 0.397, and from 0.749 to 
0.404, respectively. The same trend is observed for the slope of loss 
modulus. These findings suggest that with increasing concentration, G′

and G′′ become less sensitive to frequency increase because of higher 
chains entanglement. 

3.3. Mechanical characterization of adhesive properties and correlation 
with rheological tests 

3.3.1. Adhesive tests on the paper substrates 
The stress at break of paper was first measured in order to determine 

the maximum force that can be supported by the paper. A value of 1310 
± 110 kPa was obtained. The adhesive force on the papers of 0%US, 50% 
US, and 100%US was evaluated at different concentrations (5, 10, 15% 
w/v) as shown in Fig. 4. The adhesion strength is dependent on the 
concentration. When the latter increases from 5 to 15% w/v, the 
adhesion strength increases from 183.5 to 843.5 kPa, from 350.2 to 
1211.5 kPa, and from 186.2 to 1146.7 kPa for 0%, 50%, and 100%US, 
respectively. ANOVA tests were carried out in order to determine the 
significance of difference between the adhesion strengths. The p-values 
of adhesion strength at different concentrations for all samples pre
sented in (Table 3S Supporting information) are below 0.05, indicting a 
significant difference of adhesion strengths. 

The adhesion strength is also dependent on the ultrasound treatment. 
50%US presents the highest adhesion strength compared to 0%US and 
100%US at different concentrations probably due to its high poly
saccharide purity. 

The p-values below 0.0001 clearly indicate that there is a significant 
difference of adhesion strength between 0%US and 50%US at 5%, 10%, 
and 15% w/v (Table 3S Supporting information). While, no significant 
difference is detected between 0%US and 100%US at 5% w/v, in 

A

C

B

D

Fig. 3. Frequency sweep of 0% (A), 50% (B), 100%US (C), and OP%US (D) at different concentrations.  
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Table 3 
Data of the slopes of G′ and G′′, and tan δ calculated at low frequency range (0–6 rad/s).  

w/v (%) 0%US 50%US 100%US OP%US 

5% 10% 15% 5% 6.75% 10% 15% 5% 6.37% 10% 15% 10% 15% 20% 30% 

Slope G′ 0.946  0.573  0.482  0.546  0.425  0.208  0.242  0.659  0.609  0.425  0.397  0.748  0.597  0.387  0.404 
Slope G′′ 0.622  0.455  0.355  0.504  0.327  0.313  0.22  0.515  0.628  0.327  0.344  0.565  0.496  0.399  0.339 
tan δ  3.072  1.042  0.809  1.180  0.990  0.612  0.168  1.590  0.938  0.817  0.633  2.218  1.589  0.965  0.861  

A B

C

Fig. 4. Adhesion strengths (kPa) on the paper substrate for 0%US (A), 50%US (B), and 100%US (C) measured at break.  

A B

DC

Fig. 5. Correlation analysis between rheological and adhesion strength results on the paper substrate. (A) Storage modulus (G′) vs. adhesion strength; (B), loss 
modulus (G′′) vs. adhesion strength; (C), slope of storage modulus (G′ vs. f(ω)) vs. adhesion strength; (D), slope of loss modulus (G′′ vs. f(ω)) vs. adhesion strength. 
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contrast to 10% and 15% w/v. Hence, the significance between 0%US 
and 100%US increases with increasing concentration. However, the p- 
values for 50%US and 100% US at 5% and 10% w/v are below 0.001, 
indicating a significant difference. But the p-value at 15% w/v is well 
above 0.05, suggesting absence of significant difference. This finding 
could be assigned to the fact that the adhesion strength is very close to 
the maximum force which can be supported by the substrate. At 15% w/ 
v of 50%US, failure started to appear in the substrate. 

The adhesion strength data can be correlated to the rheological be
haviors of the adhesives. The highest values of G′ and G′′ and the lowest 
slopes of G′ or G′′ vs. f(ω) curves are indicator of high cohesion and 
strong adhesion [30]. The G′ and G′′ data of all samples are plotted vs. 
adhesion strength in Fig. 5A and B. The results indicate that the increase 
of G′ from 0.37 to 9.28 Pa, and G′′ from 0.696 to 6.1 Pa leads to increase 
of adhesion strength from 183.45 to 1211.53 kPa. The R2 values are 
0.923 and 0.905, respectively, showing that both G′ and G′′ vs. adhesion 
strength are significantly linearly correlated. The results well agree with 
the work of Vakalopoulos et al. The authors tested 2-octyl-cyanoacrylate 
mixed with butyl lactoyl cyanoacylate (Omnex adhesive)/colonic 
serosa. The G′ and G′′ values are 107 and 106 Pa, respectively, and the 
best adhesion strength obtained is 48 Pa. The correlation between G′ and 
G′′ vs. adhesion strength for 12 adhesive samples yielded R2 values of 
0.711 and 0.716, respectively [30]. 

The slopes of G′ and G′′ determined from the frequency sweep are 
also plotted vs. adhesion strength as shown in Fig. 5C and D. It appears 
that the decrease of G′ slope from 0.946 to 0.242, or that of G′′ slope 
from 0.622 to 0.22 corresponds to increase of the adhesion strength from 
183.5 to 1211.5 kPa. The R2 values are 0.735 and 0.812 for G′ and G′′

slopes vs. adhesion strength curves, respectively, suggesting a signifi
cantly logarithmic correlation. These correlations suggest that the 
adhesion strength could be predicted from the rheological properties. 

3.3.2. Adhesive tests on PLA substrates 
Adhesive tests were also performed on PLA substrates. Fig. 6 presents 

the results of adhesion strength (kPa) for 0%US, 50%US, and 100%US at 
different concentrations. As mentioned above (LVE tests), Three 

concentrations were used according to LVE tests in order to identify the 
effect of the sample states (liquid, intermediate, and solid states) on the 
adhesion strength. At 5%, all samples have a liquid state behavior, the 
adhesion strength is 205, 262, and 238 kPa, for 0%US, 50%US, and 
100%US, respectively. When the samples are in a gel state (at a con
centration of 15% for 0%US, 10% for 50%US and 100%US), the adhe
sion strengths are 259, 402, and 299 kPa, respectively. The best 
adhesion strengths of 278.23, 58.52, and 380.94 kPa are obtained in the 
intermediate state for 0%US, 50%US, and 100%US at a concentration of 
10%, 6.75%, and 6.37% w/v, respectively. Comparison of the three 
samples indicates that 50%US presents better adhesion strength than 0% 
US and 100%US in all the three states. 

ANOVA tests were carried out in order to determine the p-values of 
samples in different states as shown in Table 4S. The p-values for 0%US, 
50%US, and 100%US between the different states are inferior to 0.001, 
indicating that the state of adhesives has a significant influence on the 
adhesion strength. ANOVA tests were also carried out in order to 
determine the effect of ultrasound treatment on the adhesion strength at 
different states of samples. The p-values presented in Table 5S are below 
0.001 except that of the comparison between 50%US and 100%US at the 
liquid state which is 0.122. These results suggest that the ultrasound 
treatment has a very significant impact on the adhesion strength, 
especially in the intermediate state. 

In order to understand the effect of rheological behavior on the 
adhesion strength, G′, G′′, and slopes of G′ and G′′ vs. f(ω) curves were 
plotted against the adhesion strengths (Fig. 7). It seems that there is no 
direct correlation between G′, G′′, slope G′′ vs. f(ω) and the adhesion 
strength tested on the PLA substrate. A week correlation is detected 
between slope G′ vs. f(ω) and the adhesion strength with R2 of 0.448. 
When the slope G′ vs. f(ω) decreases, the adhesion strength increases. 

On the other hand, it is noticed that the adhesion strength signifi
cantly increases when the adhesives switch from liquid state to inter
mediate state, and decreases when switching from intermediate state to 
gel state. In other words, at G′ = G′′, the adhesives have the best adhe
sion strength. The results of correlation between rheological behavior 
and mechanical strength on the PLA substrate are in agreement with the 

BA

C

Fig. 6. Adhesion strengths (kPa) on the PLA substrate for 0%US (A), 50%US (B), and 100%US (C) measured at break.  
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work reported by Serrero et al. The authors found that the adhesion 
strength of chitosan-based adhesives on pork skin substrate is 1.8, 4.7, 
and 4.1 kPa for liquid, intermediate, and gel states, respectively. It is also 
noted that the adhesion strength follows the same order (liquid
<gel<intermediate state) as that obtained by Serrero et al. [28]. 

3.3.3. Evaluation of adhesion strength of bio-adhesive on the pork skin 
In our previous work, it was shown that the OP%US sample presents 

outstanding antioxidant activities and biocompatibility with a safety 
factor SF > 152.7 [19,20]. Thus, it is of great interest to evaluate the 
adhesion strength of OP%US for uses as bio-adhesive. 

Firstly, the adhesion strength of OP%US was tested on the paper 
substrate. Increasing the concentration from 10% to 15% leads to in
crease the adhesion strength from 819.02 to 1418.27 kPa (Fig. 8A). At 
10%, the failure occurs on the junction of the glued assembly. At this 
concentration, the failure is manly a cohesive failure on adhesive and 
substrate. But at 15%, the failure takes place on the substrate, whereas 
the junction remains intact (Fig. 8B). The failure is also a cohesive 
failure on the substrate. In other words, both the adhesive and the 
junction are stronger than the substrate. 

The second series of tests were carried out on the skin/skin and skin/ 
paper substrates (Fig. 9). The results clearly indicate that the adhesion 
strength on the skin/paper is higher than that on the skin/skin substrate. 
A maximum adhesion strength of 870 kPa is obtained on the skin/paper 

substrate at 30%, in contrast to a value of 300 kPa on the skin/skin 
substrate at the same concentration. This difference is assigned to the 
capillary force of paper which allows easy penetration of the adhesive 
into the micropores and asperities, a phenomenon which significantly 
enhances the mechanical adhesion strength. Additionally, the adhesion 
strength on paper/skin follows the same trend as that on the paper/ 
paper substrate. The adhesion strength on the skin/skin substrate in
creases from 199.3 to 411.5 kPa when the concentration increases from 
15% to 20% w/v, and then decreases to 300.71 kPa at 30%. Thus, the 
maximum adhesion strength is observed in the intermediate state. It is 
noticed that the adhesion strength on the skin/skin follows the same 
trend as that on PLA substrate, and that on (skin/skin) system studied by 
Serrero et al. [28]. 

ANOVA tests were carried out in order to determine the significance 
of difference between adhesion strengths of the reference (Velpeau) and 
OP%US at different concentrations (Table 6S). The p-values below 0.001 
indicate a significant difference between studied systems at fixed con
centrations. On the other hand, comparison is also made between the 
adhesion strengths of different adhesive concentrations on skin/skin and 
skin/paper systems (Table 7S). A significant difference is observed in all 
cases p-values below 0.001. Various adhesion strength values on skin 
substrate have been reported in literature: 4.7 ± 0.3 kPa for chitosan/ 
oxidized starch on the pork skin substrate [28], 335 ± 88 kPa for 
chondroitin sulphate on the bovine membrane [31], and 1.06 ± 0.15 
MPa for allyl 2-cyanoacrylate l-lactic acid reticulated adhesive on the 
cowhide [32]. Comparison with literature data shows that OP%US 
presents acceptable adhesion strength. 

3.4. Scanning electron microscopy (SEM) 

3.4.1. SEM analysis for paper substrates 
The adhesion can be ensured by several mechanisms. In this study, 

there is no chemical reaction between the adhesive and the substrate. 
Paper has pores and micro-cavities in the structure. Additionally, paper 
has a micro capillary absorption which allows the penetration of adhe
sive in asperities and pores. Various breaking modes can be distin
guished according to the location of crack during the mechanical test. In 

A B

C D

Fig. 7. Correlation analysis between rheological results vs. adhesion strengths on the PLA substrate. (A) Storage modulus (G′), (B) loss modulus (G′′), (C) slope of G′

vs. f(ω), (D) slope of G′′ vs. f(ω). 

A

Fig. 8. (A) Adhesion strengths of OP%US at 10% and 15% on paper/paper 
substrate, (B) picture of cohesive failure on substrate at 15% of OP%US. 
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the case of cohesive failure, the failure takes place in the substrate and/ 
or in the adhesive because of the strong adhesion strength between 
them. However, in adhesive failure, the failure occurs at the interface 
due to the weak adhesion strength between the adhesive and the 
substrate. 

SEM was performed to observe the microscopic structure in order to 
identify the type of failure. Fig. 10 presents the SEM images of the 
substrates for samples 50%US at 5%, 10%, and 15% (w/v). At 5%, the 
adhesion strength is 350.2 kPa which is weaker compared to those of 
10% and 15%. At this concentration the fibers of paper remain intact. In 
contrast, at 10% and 15%, the fibers of paper are strongly affected and 
cracked. The fibers appear more damaged at 15% than at 10% (w/v). 
The images indicate that the mode of failure is structural, and the break 
is present in both the adhesive and the interface (sample/paper), thus 
indicating that the observed failure involves a mixed mode (cohesive 

and adhesive). 

3.4.2. SEM analysis for PLA substrates 
SEM analysis is also performed on the failure structures for 0%US, 

50%US, and 100%US at different states as shown in Fig. 11. The images 
for the substrate after adhesion tests indicates clearly that in liquid state, 
50%US has the largest amount of adhesive on the PLA substrate. In the 
intermediate state, both cohesive and adhesive failure of adhesive is 
observed for 0%US and 100%US. In contrast, the substrate of 50%US in 
intermediate state presents only cohesive failure. The image also shows 
a strong cohesion between the adhesive and the substrate. On the other 
hand, at gel/solid state, the images for the substrates of 0%US and 100% 
US present two types of failure: adhesive and cohesive failure of adhe
sive. Additionally, there is a large and deep crack on the adhesive. In 
contrast, 50%US at gel/solid state only present cohesive failure of 

A

Fig. 9. (A) Adhesion strengths of OP%US at 15%, 20%, and 30% (w/v) on the skin/skin and skin/paper substrates, (B) picture of cohesive failure of OP%US at 20% 
(w/v) on the skin/paper substrate. 

Fig. 10. SEM images at (×100, ×500, ×10,000) of the substrates (paper) after tensile tests at different concentrations of 50%US, (A) at 5%, (B) at 10%, and (C) at 
15% (w/v). 
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adhesive. SEM analysis combined to the correlation between rheological 
states and adhesion strength may well corroborate with these two orders 
of adhesion strength: liquid < gel < intermediate states, and 0%US <
100%US < 50%US. 

4. Conclusion 

Polysaccharides are extracted from Ornithogalum under different 
conditions for potential uses as biobased adhesive. Analyses show that 
excessive ultrasound treatment affects the total carbohydrates content 
and proteins content of the extracts. Rheological measurements were 
performed to determine the liquid, intermediate and gel/solid states of 
the extracts, and correlated to their adhesion strength. The correlation 
analyses indicate that the adhesion strength is linearly correlated to G′

and G′′ on the paper/paper substrate. Indeed, on PLA substrate an 
optimal of adhesion strength was obtained at the intermediate's states 
with equal storage and loss moduli due to a weak adhesion strength in 
liquid state, and in gel/solid state polymer chains are entrapped in the 
network leading to lower chain mobility and less interaction with the 
substrate. Comparison with literature data indicates that the extracts 
have a strong adhesion strength and could be very promising as a bio
based tissues adhesive for medical applications and in food packaging 
industry. 
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