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Abstract 

Adhesive biodegradable membranes (patches) for protection of pruned locations of 

plants from esca fungi attacks were developed using electrospun soy protein/polyvinyl 
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alcohol and soy protein/polycaprolactone nanofibers. Several different water-soluble 

adhesives were either added directly to the electrospinning solutions, or electrosprayed 

onto the as-spun nanofiber mats. The nanofibers were deposited onto a biodegradable 

rayon membrane, and are to be pressed to the pruned location on a plant. The pore size in 

the nanofiber mats is sufficient for physically blocking fungi penetration, while the 

outside rayon membrane provides sufficient mechanical support in handling prior to 

deposition on a plant. Diseases like Vine Decline are one of the most important cases 

where such remedy would be needed. It should be emphasized that these novel 

biodegradable and sticky patches are radically different from the ordinary electrospun 

ultra-filtration membranes. The normal and shear specific adhesive energy of the patches 

were measured, and the results show that they can withstand strong wind without being 

blown off. On the other hand, the patches possess a sufficient porosity for plant 

breathing. 

 

1. Introduction 

Vine Decline is a disease complex caused by fungi named esca. The infected vine 

rots at heart wood and develops tiger stripe on leaves and black measles on berries
1,2

. In 

most cases, the entire vineyard should be replanted because the spores are airborne, easily 

spread to other vines, and infect them predominantly through prune locations. This kind 

of wound-infected disease can be spread by rain, wind, insects and birds. It causes huge 

economic losses with yield reduction, and the number of cases have been increasing for 

decade. Esca disease was reported in most of vineyards in Europe
3.

 It also became a 
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world-wide problem after the fatal disease spread to countries including Canada, US, 

New Zealand, etc
4-6.

 Similar fungi-related diseases attack other plants. For example, from 

1904 to 1940, US south chestnut forest had been devastated by ‘Chestnut blight’, one of 

top three plant diseases in the world. Most of young vines are infected by esca and 

decline through wounds. The sites exposed to the atmosphere, such as wounds or pruning 

cuts, are dangerous channels for the fungi invaders
7.

 Until now, the best way to control 

the disease was to cut and burn the infected prune. A popular fungicide, sodium arsenite 

was often used to control the widespread attack of esca, but the fungicide has now been 

banned in many countries and the disease could be spread all around the world. Prune 

paste and wound dressing, e.g. wax, was used to compartment the exposed sites from the 

environment, but they also delay the wound closure or kill the plant tissues or cells. A 

new solution should be provided to prevent and manage vines from infections in an 

environmentally-friendly way.  

Electrospun biodegradable nanofibers are widely used in biomedical applications
8-11,

 

as nanofibrous scaffolds for tissue generation and tissue engineering
12-15,

 as well as for 

antibacterial drug delivery
16-18.

 The large surface-to-volume ratio and porous structure of 

such nanofiber mats have determined their usage in the filtration industry, both as water 

filters
19-22 

and as air filters
23,24

. Polyvinyl alcohol (PVA) and polycaprolactone (PCL) are 

two of the most widely used biodegradable synthetic polymers for these applications
25-28

. 

PCL is an inexpensive, FDA approved water insoluble polymer without any toxicity and 

with controllable degradation. Using PCL, nanofibrous scaffolds for cartilage tissue 

regeneration
29 

and scaffold for bone tissue
30 

have been developed. Microfiltration 
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membranes for filtration of yeast cell were prepared using a blend of PCL and PLLA 

(poly L-lactic acid)
31

. 

Due to an increased awareness in the environmental issues, natural biodegradable 

biopolymers, also popularly called green materials, have been widely studied over the last 

decade. Biodegradable biopolymer-derived materials with mechanical properties similar 

to those of synthetic polymers and derived from plant proteins, like soy protein, starch, 

cellulose, lignin, zein and sericin have been studied
32-35

. In particular, soy protein is one 

of the cheapest and readily available biopolymers obtained as a byproduct of soy-derived 

biodiesel.  

Biodegradable and biocompatible nanofiber mats can be formed to be selectively 

permeable to air and/or moisture, and can be a possible remedy against esca infection. In 

the present work, sticky biodegradable nanofiber patches have been developed for direct 

application on plant wound sites. Both water soluble (a blend of soy protein/PVA) and 

water insoluble (a blend of soy protein/PCL) nanofibers were electrospun onto 

biodegradable rayon pads. Additionally, these nanofibers were made sticky with non-

toxic adhesives by either adding them to the electrospinning solution or by 

electrospraying them onto the as-prepared nanofiber mats. These sticky patches are ready 

to use as a non-chemical way of preventing plants against esca attack [Fig. 1(1)].  
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Fig. 1. (1) Functionality of the developed sticky green nano-textured patches. (2) 

Schematic of: (a) Monolithic fiber mat (PVA1-10, PVA2-10, PVA2-AD1-10, PVA2-

AD3-10, PVA2-AD4-10, PCL1-10, PCL1-AD1-10, PCL1-AD310, PCL1-AD4-10) (b) 

Fiber electrospinning and adhesive electrospraying: Electrospraying Micronax 241-

01(AD1) and repositionable (AD2) adhesive onto electrospun soy protein/PVA and soy 

protein/PCL nanofiber mats (SPv01, SPv02, SPc01, SPc02).  
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Peeling specific energy is an important characteristic of nanofiber applications as 

adhesives, which is foreseen in the present work. The specific energies discussed in the 

present manuscript are defined as the adhesion energy per unit interfacial area, with the 

units J/m
2
=N/m in the SI System of Units. The unit N/m also ascertains the fact that the 

specific adhesion energy can be considered as the surface tension. A number of different 

methods can be found for measuring the specific adhesive energy of nanofiber mats. 

Shear adhesion testing for dry adhesives are used for characterization of directionally-

sensitive adhesives
36

. Shaft-loaded blister test is used for measuring debonding radius of 

electrospun fiber membranes
37

. Adhesive forces between electrospun polymer fibers have 

been tested using industry standard peeling tests
38,39

.  In the present work peeling and 

shear tests will be used to examine adhesion the sticky green nano-textured patches. 

 

2. Experimental 

2.1 Materials  

Polyvinyl alcohol (PVA, Mw = 130 kDa, 99%+ hydrolyzed, and Mw = 9 kDa, 80% 

hydrolyzed) and polycaprolactone (PCL, Mn = 80 kDa) were obtained from Sigma 

Aldrich. Solvents, formic acid, Mw = 46.03 Da, and acetic acid, Mw = 60.05 Da, were 

obtained from Sigma Aldrich. Two different kinds of soy protein were used, one being 

water soluble, and the other one being water insoluble. Both water-soluble soy protein, 

Clarisoy
TM

 100, and water insoluble soy protein, Pro-Fam 955, were obtained from ADM 
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 7

Specialty Food Ingredients. PVAc (Polyvinyl acetate) wood glue, water soluble adhesive 

SIMALFA 4574, repositionable glue, and pressure-sensitive adhesive Micronax 241-01 

were obtained from Gamblin Artist’s Colors, SIMALFA Water Borne Adhesives, 

Scaraperfect, and Franklin Adhesives, respectively. All adhesives are non-toxic in nature, 

with water-based Micronax 241-01 being FDA approved (compliant under 21CFR 

175.105, 21CFR 176.170 and 21CFR 176.180). Non-ionic trislioxane-(poly)ethoxylate 

surfactant SILWET L77 was generously donated by Momentive. Tucks medicated 

cooling pads were obtained from Johnson & Johnson. These cooling pads, made from 

biodegradable rayon (regenerated cellulose) fabric, were used as a substrate on which 

nano-textured nanofiber mats were deposited. The specific adhesive energy of the 

prepared samples were measured on wooden surfaces. For this, balsa wood strips 

obtained from McMaster-Carr were used as a model material.  

 

2.2 Solution Preparation  

Monolithic nanofibers of the two different types of soy protein were generated by 

electrospinning. For the water-soluble Clarisoy, the aqueous solutions were prepared as 

follows. To prepare homogeneous solution of soy protein/PVA with lower molecular 

weight PVA, water and ethanol mixture was used as a base solvent. At the beginning, 4.5 

g each of deionized water and ethanol were mixed. Then, 2.5 g of PVA (Mw = 9 kDa, 

80% hydrolyzed) was added to this solution and left on a hot plate at 95 ºC under 

constant stirring for 4 h. Then, 0.5 g of Clarisoy was added to the PVA solution and the 
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solution was left for 12 h at 80 ºC under constant stirring resulting in the soy protein/PVA 

ratio of 16.7/83.3 (w/w). This solution was labelled as solution PVA1.  

The adhesive solutions used for electrospraying were prepared as follows. FDA- 

approved Micronax adhesive (labelled AD1) was electrosprayed as received. In parallel, 

4.0 g of repositionable glue was dissolved in 5.0 g of water-ethanol mixture (80:20 w/w) 

and stirred at 50 ºC for 2 h. This solution was labelled as solution AD2.  

Using higher molecular weight PVA, blends of PVA (Mw = 130 kDa, 99%+ 

hydrolyzed), Clarisoy and different adhesives in water were used. First, 7.5% PVA 

solution was prepared by mixing 0.75 g of PVA with 9.25 g of deionized water and left 

on a hot plate at 95 ºC under vigorous stirring for 4 h. Separately, 10% water-soluble soy 

protein solution was prepared by mixing 1 g of Clarisoy with 9 g of deionized water and 

left at 60 ºC under constant stirring for 24 h. After the solutions were cooled to room 

temperature, 2.5 g of 10% water-soluble soy protein solution was added to 5 g of 7.5% 

PVA, resulting in the soy protein/PVA ratio of 40/60 (w/w). This solution was labelled as 

solution PVA2. Then, three different adhesives were added to solution PVA2. Namely, 1 

g each of PVAc wood glue, SIMALFA 4574, and Micronax 241-01 were added to three 

separate solutions of PVA2 and the resulting solutions were labelled as PVA2-AD3, 

PVA2-AD4, and PVA2-AD1, respectively. The mixture solutions were stirred at room 

temperature for 1 h. The solutions formed were homogeneous and there was no phase 

separation. Fully hydrolyzed PVA cannot be electrospun
40,41

 and sporadic electrospraying 

of droplets is observed
42

. To obtain nanofibers, 0.0425 g (0.5% w/w) of non-ionic 

surfactant SILWET L77 was added to solutions PVA2-AD3, PVA2-AD4, and PVA2-

AD1 and stirred for 5 min just before electrospinning.  
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Using water-insoluble soy protein, the solutions were prepared as follows. First, 

15% PCL solution was prepared by mixing 1.5 g of PCL with 2.125 g of formic acid and 

6.375 g of acetic acid (formic acid – acetic acid ratio of 25:75 v/v), and the solution was 

left for 24 h on a hot plate at 50 ºC under constant stirring. Obtaining bead-free 

continuous soy protein/PCL nanofibers was difficult, while using formic acid as the only 

solvent. Hence, formic acid-acetic acid mixture solution was used for preparing PCL 

solutions
43

. Separately, 18% water-insoluble soy protein solution was prepared by mixing 

1.8 g of water insoluble Pro-Fam 955 soy protein with 8.2 g of formic acid and left at 60 

ºC under constant stirring for 24 h. After the solutions were cooled to room temperature, 

4.17 g of water-insoluble soy protein solution was added to 5 g of 15% PCL, resulting in 

the soy protein/PCL ratio of 50/50 (w/w). This solution was labelled as solution PCL1. 

Adhesive solutions AD1 and AD2 were used for electrospraying onto nanofibers 

electrospun from solution PCL1.  

Similar to solution PVA2, three different adhesives were also added to solution 

PCL1. In particular, 1 g each of PVAc wood glue, SIMALFA 4574, and Micronax 241-

01 were added to three separate solutions of PCL1 and the resulting solutions were 

labelled as PCL1-AD3, PCL1-AD4, and PCL1-AD1, respectively. The mixture solutions 

were stirred at room temperature for 1 h. The solutions formed were homogeneous and 

there was no phase separation.   

Fibers could not be electrospun from solutions prepared by adding repositionable 

glue to either PVA-based PVA2 solution, or PCL-based PCL1 solution. Since the 

adhesive AD2 is gelatinous in nature, a proper homogeneous blend solution of the 

Page 9 of 46 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 10

adhesive with polymer and soy protein could not be formed. Due to this, electrospinning 

of soy protein/polymer solutions containing adhesive AD2 could not be conducted.  

 

2.3 Electrospinning 

Monolithic fibers of soy protein/PVA and adhesive/soy protein/PVA were prepared 

using a standard electrospinning setup. The electrospinning technique is described 

elsewhere
8,9,44-48

. Randomly oriented nanofibers of solutions PVA1, PVA2, PVA2-AD1, 

PVA2-AD3, and PVA2-AD4 were collected on the rayon pads kept on an aluminum foil 

for 10 min while keeping the flow rate at 0.3-0.5 mL/h. A 15-18 kV positive voltage was 

applied to the solutions and the distance between the tip of the needle and the rayon pad 

was about 10-15 cm while keeping the relative humidity at 30%. Electrospinning was 

done using 18 gauge needle, having the outer diameter of 1.27 mm and the inner diameter 

of 0.838 mm. Direct electrospinning of PCL-based solutions created fluffy nanofibers 

and caused delamination of the fiber mat from the rayon pad (described in details in the 

Results section). To prevent delamination and enhance adherence of the electrospun 

nanofiber mat to the rayon pad, adhesive was initially electrosprayed at 0.5 mL/h and 15 

kV positive voltage for 5 min onto bare rayon pads. The initial adhesive electrosprayed 

was chosen to be the same as the adhesive in the respective solution used for 

electrospinning. Only for pure soy protein/PCL fibers, adhesive solution AD1 was used. 

This was done because among the four adhesives used this one possessed the minimum 

specific adhesive energy and is FDA approved. Immediately after electrospraying, 

electrospinning was conducted onto the pads for 10 min at a flow rate of 0.3-0.5 mL/h, 

Page 10 of 46Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 11

and a positive voltage of 14-16 kV was applied to the solutions.  The distance between 

the tip of the needle and the substrate and the relative humidity were the same as for 

PVA-based solutions.  

Electrospinning was conducted for 10 min for solutions PVA1, PVA2, PVA2-AD1, 

PVA2-AD3, and PVA2-AD4 and the samples were labelled as PVA1-10, PVA2-10, 

PVA2-AD1-10, PVA2-AD3-10, and PVA2-AD4-10, respectively. Additionally, to 

measure the dependence of the specific adhesive energy on electrospinning time, solution 

PVA2-AD3 was electrospun for 5 min, 10 min and 20 min onto separate rayon pads. 

Solutions PVA2-AD3 were chosen for this test because PVAc wood glue (AD3) was 

found to be the strongest among all the adhesives. These samples were labelled PVA2-

AD3-5, PVA2-AD3-10 and PVA2-AD3-20. For electrospinning of soy protein/PCL 

fibers, the adhesive solution AD1 was initially electrosprayed for 5 min, followed by 

electrospinning of solution PCL1 for 10 mins. This sample was labelled PCL1-10. 

Similarly, solutions AD1, AD3, and AD4 were electrosprayed for 5 min followed by 

electrospinning of PCL1-AD1, PCL1-AD3, and PCL1-AD4 on the respective 

electrosprayed rayon pads. These samples were labeled as PCL1-AD1-10, PCL1-AD3-

10, and PCL1-AD4-10. To measure the dependence of the specific adhesive energy on 

electrspinning time, PCL-AD3 solution was electrospun onto the AD3-electrosprayed 

rayon pad for 5 min, 10 min, and 20 min. The initial electrospraying time was kept 

constant at 5 min. These samples were labelled as PCL1-AD3-5, PCL1-AD3-10, and 

PCL1-AD3-20, respectively. Different samples prepared and their compositions are listed 

in Table 1. 
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Table 1. Composition of different samples prepared by electrospinning and 

electrospraying of adhesive solutions.  

Sample 

Polymer Soy-protein Adhesive   

Type 

Conc. 

(% wt 

in sol.) 

Type 

Conc. 

(% wt 

in sol.) 

Type 

Conc. 

(% wt 

in sol.) 

Time 

of 

spin-

ning 

(min) 

Avg. 

fiber 

diam-

eter 

(nm) 

PVA1-10 
PVA 

(9 kDa) 
20.83 Clarisoy 4.17 None None 10 

713 

PVA2-10 
PVA 

(130 kDa) 
5 Clarisoy 3.33 None None 10 

728 

PVA2-

AD1-10 

PVA 

(130 kDa) 
4.41 Clarisoy 2.94 Micronax 11.76 10 

805 

PVA2-

AD3-5 

PVA 

(130 kDa) 
4.41 Clarisoy 2.94 PVAc 11.76 5 

761 

PVA2-

AD3-10 

PVA 

(130 kDa) 
4.41 Clarisoy 2.94 PVAc 11.76 10 

766 

PVA2-

AD3-20 

PVA 

(130 kDa) 
4.41 Clarisoy 2.94 PVAc 11.76 20 

769 

PVA2-

AD4-10 

PVA 

(130 kDa) 
4.41 Clarisoy 2.94 Simalfa 11.76 10 

782 

SPv01 
PVA 

(9 kDa) 
20.83 Clarisoy 4.17 Micronax 

Electro-

spray 
10 

716 

SPv02 
PVA 

(9 kDa) 
20.83 Clarisoy 4.17 

Repositio

-nable 

glue 

Electro-

spray 
10 

714 

PCL1-10 PCL 8.18 
Pro-Fam 

955 
8.18 None None 10 

987 

PCL1-

AD1-10 
PCL 7.37 

Pro-Fam 

955 
7.37 Micronax 9.83 10 

1018 

PCL1-

AD3-5 
PCL 7.37 

Pro-Fam 

955 
7.37 PVAc 9.83 5 

999 

PCL1-

AD3-10 
PCL 7.37 

Pro-Fam 

955 
7.37 PVAc 9.83 10 

1004 

PCL1-

AD3-20 
PCL 7.37 

Pro-Fam 

955 
7.37 PVAc 9.83 20 

1002 

PCL1- PCL 7.37 Pro-Fam 7.37 Simalfa 9.83 10 1009 
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AD4-10 955 

SPc01 PCL 8.18 
Pro-Fam 

955 
8.18 Micronax 

Electro-

spray 
10 

1016 

SPc02 PCL 8.18 
Pro-Fam 

955 
8.18 

Repositio

-nable 

glue 

Electro-

spray 
10 

1015 

     

2.4 Electrospraying adhesive solutions onto soy protein/PVA and soy protein/PCL 

fiber mats  

Adhesive solutions AD1 and AD2 were electrosprayed onto samples PVA1-10 and 

PCL1-10. Electrospraying of Micronax 241-01 (AD1) and repositionable glue (AD2) 

were conducted onto separate samples of PVA1-10 and PCL1-10 for 10 min and the 

samples with the adhesives were labelled as samples SPv01 and SPv02 for the soy/PVA 

fiber mats, and SPc01 and SPc02 for the soy/PCL fiber mats, respectively. The flow rate 

was maintained at 0.5 mL/h, and a 15 kV positive voltage was applied to the adhesive 

solutions. The distance between the tip of the needle and the mat was about 10 cm. It 

should be emphasized that for electrospraying repositionable glue (AD2), only adhesive 

droplets from the solution reached the nanofiber mat. For SPv02, both soy protein and 

PVA being water soluble, water droplets from adhesive reaching the nanofiber mat would 

have dissolved the polymer and the fiber structure would be destroyed. By controlling the 

electrospraying conditions (the applied voltage, flow rate and nozzle-to-ground distance), 

the nanofiber structure was kept intact after electrospraying the repositionable adhesive 

(AD2). This can be verified by the fact that only small adhesive droplets were seen on 

SPv02 samples after electrospraying, and one could conclude that water of the adhesive 

solution evaporated and did not reach the fiber mat. Such controlled conditions could not 
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be obtained for electrospraying of adhesive AD1, and samples SPv01 had large droplets 

after electrospraying. The entire water did not evaporate and some of it reached the fiber 

mat. The schematic of electrospraying adhesives is shown in Fig. 1 (2). The composition 

of the different samples prepared by electrospraying adhesives onto electrospun nanofiber 

mats are listed in Table 1. 

   

2.5 180º peeling tests  

The normal adhesion force of prepared nanofiber mats with adhesives was 

measured in mechanical peeling tests. In general, 1 kg of weight was gently rolled 20 

times on a 6 cm x 2 cm sample placed on a balsa wood strip (10 cm x 2.6 cm) right after 

electrospinning. Then, a 180º peel test was performed using a 100 N capacity Instron 

machine (model 5942). The upper and lower ends of the samples were clamped by 

Instron’s pneumatic grips. The upper end was stretched at a constant rate of 10 mm/min, 

while the lower end was kept at its initial position (Fig. 2a). The peeling tests were 

conducted until the entire sample was peeled off the balsa wood strip. For repositionable 

glue electrosprayed onto nanofiber mat (samples SPv02 and SPc02), the same sample 

was pressed and the peeling test was done for several consecutive times. SPv02 was 

tested in this manner for 7 times. The stickiness of SPc02 was lost after three trials, and 

hence the latter sample could not be tested for more than 3 times. For pressure-sensitive 

Micronax adhesive samples (samples SPv01 and SPc01), the peeling test was conducted 

for different applied weights on samples, 1 kg, 5 kg, and 11.5 kg. Thus the pressure 
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applied to the samples changed from 0.83 kPa (for 1 kg) to 4.17 kPa (for 5 kg) and finally 

to a maximum of 9.55 kPa (for 11.5 kg). 

 

2.6 Dead weight test 

The specific shear adhesion energy was measured by ‘dead weight’ test, which is a 

standard test for measuring the specific adhesion energy of nanofiber mats
35

. A sample 

(2.3 cm x 5 cm) was adhered to the balsa wood strip by loading 1 kg weight for 1 min 

(Fig. 2b). The edge of sample was connected to an empty container through the pulley. 

After the weight had been removed, water was slowly poured into the container until the 

sample delaminated from the wooden strip. The specific shear adhesion energy was 

calculated from the total weight of water in the container when delamination occurred. 

Fig. 2. (a) 180º peeling test of samples using Instron machine. (b) Dead weight test. 

 

2.7 Optical characterization  
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All optical images were taken using optical microscope Olympus BX-51. SEM 

images and EDX analysis were obtained using Hitachi S-3000 N. 

 

3. Results and Discussion  

3.1. Monolithic soy protein/PVA and soy protein/PCL nanofiber mats 

Solutions PVA1, PVA2 and PCL1 were electrospun and the soy protein/PVA 

nanofibers are depicted in Fig. 3(1), whereas the soy protein/PCL nanofibers can be seen 

in Fig. 3(2) (both on rayon substrate). EDX spectra of these nanofibers were obtained to 

detect the presence of soy protein in the as-spun monolithic fibers. Soy protein contains 

sodium (Na), phosphorus (P), and sulfur (S) which are considered as its unique markers
49

. 

Figs. 4a, 4b and 4c show the EDX spectra of monolithic soy protein/PVA and soy 

protein/PCL nanofibers obtained by electrospinning solutions PVA1, PVA2 and PCL1, 

respectively. The percentage content of different elements is shown in Table 2 and the 

values are in good agreement with soy content in soy protein/nylon 6 fibers
49

.  The 

weight % of Na, P and S is higher for the sample PVA2-10 than for the sample PVA1-10 

as the soy protein/PVA ratio for the sample PVA2-10 is 40/60 (w/w) as compared to 

16.7/83.3 (w/w) for the sample PVA1-10. Also, different soy proteins possess different 

contents of Na, P and S. Water-soluble Clarisoy has a higher percentage of Na as 

compared to P and S, whereas water-insoluble Pro-Fam 955 has a higher percentage of P 

and S as compared to Na (cf. Table 2).   
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Fig. 3. (1) SEM images of: (a) Rayon substrate prior to nanofiber deposition. (b) Large 

rayon fiber strands of the substrate seen beneath the deposited soy protein/PVA fibers, 

and (c) The enlarged view of the deposited soy protein/PVA nanofibers of sample PVA2-

10. (2)  SEM images of soy protein/PCL nanofibers electrospun from solution PCL1. (a) 

& (b) Large rayon fiber strands of the substrate seen beneath the deposited soy 

protein/PCL fibers, and (c) The enlarged view of the deposited soy protein/PCL 

nanofibers of sample PCL1-10.  
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Fig. 4. EDX spectra of: (a) 16.7/83.3 soy protein/PVA nanofibers (sample PVA1-10), (b) 

40/60 soy protein/PVA nanofibers (sample PVA2-10), and (c) 50/50 soy protein/PCL 

nanofibers (sample PCL1-10), all three samples on rayon pads.  

 

Table 2. Element content in monolithic soy protein/PVA (samples PVA1 and PVA2) and 

soy protein/PCL (sample PCL1) nanofibers.  

Element Weight % 

 Sample PVA1-

10 

Sample PVA2-

10 

Sample PCL1-

10 

Carbon (C) 82.95 73.62 85.16 

Oxygen (O) 16.67 25.55 14.18 

Sodium (Na) 0.2 0.45 0.17 

Phosphorus (P) 0.06 0.1 0.29 

Sulfur (S) 0.13 0.28 0.20 

Total 100.1 100.0 100.0 

 

3.2 Electrospinning of water-soluble adhesive/soy protein/PVA and water-insoluble 

adhesive/soy protein/PCL solutions 

3.2.1 Normal specific adhesive energy of different fiber mats  

Electrospun soy protein/PVA and soy protein/PCL fibers containing PVAc wood 

glue, samples PVA2-AD3-10 and PCL1-AD3-10, respectively, are shown in Fig. 5. The 

fiber morphology was not as uniform as it was for pure soy protein/PVA or pure soy 
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protein/PCL fibers electrospun from solutions PVA2 and PCL1. The electrospun fibers 

containing adhesives appeared beaded at different places along the fiber length due to the 

presence of the adhesives in solutions. However, the fiber distribution on the rayon mat 

was similar to the soy protein/PVA and soy protein/PCL fibers. Samples PVA2-AD1-10, 

PVA2-AD4-10, PCL1-AD1-10, and PCL4-AD1-10 possessed similar fiber morphology 

to that of the samples PVA2-AD3-10 and PCL1-AD3-10.   

 

Fig. 5. Electrospun monolithic fibers on rayon pad. (a)-(c) PVA2-AD3-10, and (d)-(f) 

PCL1-AD3-10. The scale bars are 25 µm. 

  

Prior electrospraying of adhesives was required for PCL-based solutions.  This is 

because the soy protein/PCL fibers or the adhesive/soy protein/PCL fibers were rather 

fluffy and did not reveal good adherence to rayon pads (Fig. 6b), unlike the adhesive/soy 

protein/PVA fibers. This also caused some delamination of the adhesive/soy protein/PCL 

fibers, where at the end of the peeling test, some of the electrospun adhesive/soy 
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protein/PCL fibers delaminated from the rayon pad and stuck to the balsa wood strip 

(Fig. 6a). This delamination effect was observed irrespective of the adhesive used.  To 

avoid delamination, adhesive was first electrosprayed on bare rayon pad for 5 min as 

described in the experimental section.  

 

Fig. 6. (a) Delamination of soy protein/PCL fiber mat on wood strip. (b) Delamination 

from rayon pad, and (c) No delamination seen after prior electrospraying.  

 

Subsequently, different samples of adhesive/soy protein/PVA and adhesive/soy 

protein/PCL fiber mats were pressed to balsa wood strips, and peeling tests were 

conducted after rolling 20 times 1 kg weight on the samples as described in the previous 

section. To achieve an accurate result, 10 samples of each kind were tested. Fig. 7a shows 

the average peel forces for the different adhesive/soy protein/PVA and adhesive/soy 

protein/PCL fibers compared with those of pure soy protein/PVA (sample PVA2-10) and 

pure soy protein/PCL (sample PCL1-10) nanofiber mats. For either of the two types of 
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soy protein/polymer fiber mat, the peel force was almost negligible for fiber mat without 

adhesive (samples PVA2-10 and PCL1-10). The peel force was the highest for PVAc 

wood glue (samples PVA2-AD3-10 and PCL1-AD3-10), followed by SIMALFA 

adhesive (samples PVA2-AD4-10 and PCL1-AD4-10), and the lowest for FDA adhesive 

(samples PCL1-AD1-10 and PCL1-AD1-10). The peel force for soy protein/PCL fibers 

with adhesives was more than the peel force for the corresponding soy protein/PVA 

fibers with the same adhesive (cf. Table 3). This is because adhesive was initially 

electrosprayed for 5 min on bare rayon pad prior to electrospinning of PCL-based 

adhesive solutions. Hence, the total adhesive on the rayon pad comprised of both the 

electrosprayed adhesive and the electrospun nanofibers with adhesives for the PCL-based 

samples was higher as compared to the adhesive content of the only-electrospun fibers 

with adhesives for the PVA-based samples. 

The normal specific adhesive energy, Gn of the adhesive was calculated as,  

n

F
G  = 

2W
                                                                                  (1) 

where F is the peel force and W the sample width. Eqn (1) is derived using the fact that 

work of the peel force is distributed between elastic storage and surface energy, as is 

usually done for adhesive joints when methods of fracture mechanics are applied
50-52

. 

Here, the sample width W was 2 cm for all samples. The thickness of the sample, t varied 

with different types of fiber mats. The thickness t of the sample was found by measuring 

the distance between the top layer of fibers and the base substrate of rayon pad using 

optical microscope Olympus BX-51. This was done by focusing first on the uppermost 

nanofiber layer and then on the bottommost nanofiber located on the rayon pad substrate. 
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The thickness of fiber mat for PVA-based solutions was found to be the same for 10 min 

of electrospinning and did not depend on the adhesive present in the solution. In other 

words, it can be concluded that the fiber mat thickness was determined by PVA and soy 

protein alone and was independent of the nature of the adhesive. The thickness, t was 280 

µm for samples PVA2-10, PVA2-AD1-10, PVA2-AD3-10, and PVA2-AD4-10. Due to 

the initial electrospraying of adhesives for PCL-based solutions, the thickness of the 

samples varied for different adhesives. The thicknesses of the samples were 375 µm, 380 

µm, 310 µm, and 315 µm for PCL1-10, PCL1-AD1-10, PCL1-AD3-10, and PCL1-AD4-

10, respectively. Electrospraying of adhesive AD1 led to formation of larger droplets on 

the bare rayon pad, thereby increasing the entire sample thickness significantly as 

compared to adhesives AD3 and AD4, which formed fine small droplets.  

 

Fig. 7. (a and c) Peel force, and (b and d) normal specific adhesive energy of different 

samples.  
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Table 3. Peel force and normal specific adhesive energy of monolithic adhesive/soy 

protein/PVA and adhesive/ soy protein/PCL fibers.   

Soy protein/PVA Soy protein/PCL 

Sample Peel 

force [N] 

Normal 

specific 

adhesive 

energy 

[N/m] 

Sample Peel 

force [N] 

Normal 

specific 

adhesive 

energy 

[N/m] 

PVA2-10 0.0009 0.0225 PCL1-10 0.0025 0.0625 

PVA2-AD1-10 0.0062 0.155 PCL1-AD1-10 0.0144 0.36 

PVA2-AD3-10 0.6290 15.725 PCL1-AD3-10 0.7042 17.605 

PVA2-AD4-10 0.5151 12.878 PCL1-AD4-10 0.5916 14.79 

 

  The normal adhesive energies Gn of different adhesives are listed in Table 3. The 

specific adhesive energy of should be considered as a material property for samples 

electrospun during the same time. Indeed, the electrospinning time controls the mat 

porosity and thus the number of contacts with the underlying surface
53

, which affects the 

specific adhesive energy together with the fiber and underlying materials. Accordingly, it 

was found that the specific adhesive energy obtained for the same adhesive using either 

soy protein/PVA or soy protein/PCL are, indeed, in the same range (cf. Fig. 7b and Table 

3). Due to the presence of the initial electrosprayed layer of adhesive, the peel force was 

higher for soy protein/PCL adhesive fibers than for soy protein/PVA fibers. Accordingly, 

the specific adhesive energy was also slightly higher for soy protein/PCL adhesive fibers. 
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Using eqn (1), we thus obtained the normal specific adhesive energy of different samples 

to be in the same range. 

  

3.2.2 Effect of electrospinning time on normal specific adhesive energy of fiber mats  

As mentioned above, the electrospinning time determines the mat porosity and thus 

the number of contacts with the underlying surface, which, in turn, affects the specific 

adhesive energy along with the fiber and underlying materials.  Solutions PVA2-AD3 

and PCL1-AD3 were electrospun for 5 min, 10 min and 20 min to study the dependence 

of the normal specific adhesive energy of the fiber mats on electrospinning time. As 

discussed in the previous section, fibers containing adhesive AD3, PVAc wood glue, 

possessed the maximum specific adhesive energy. Hence, the strongest adhesive was 

chosen to study the effect of electrospinning time on the normal specific adhesive energy. 

Though the thickness of the fiber mat increased with increasing electrospinning time, it 

did not increase proportionally to time. In other words, the thickness of fiber mat after 10 

min of electrospinning was not doubled compared to that obtained in 5 min of 

electrospinning. Similarly, after 20 min of electrospinning, the thickness was neither 4 

times that after 5 min of electrospinning, nor double that in 10 min of electrospinning. 

This proves that with longer electrospinning time, there were more fibers in the same 

layer and the distance between neighboring fibers, or the pore size, reduced. This 

increased the number of contacts of nanofibers with the underlying surface, and thus 

increased the peel force and the adhesive strengths of the samples. The thicknesses of the 

fiber mats measured using the optical microscope were 170 µm, 280 µm, 340 µm, 195 
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µm, 310 µm, and 370 µm for PVA2-AD3-5, PVA2-AD3-10, PVA2-AD3-20, PCL1-

AD3-5, PCL1-AD3-10, and PCL1-AD3-20, respectively. The thickness of PCL-based 

fiber mat was larger than that of PVA-based fiber mat due to the prior electrospraying of 

adhesive on bare rayon pad.         

Figs. 7c and 7d shows the peel forces and specific adhesive energy of samples 

PVA2-AD35, PVA2-AD3-10, PVA2-AD3-20, PCL1-AD3-5, PCL1-AD3-10, and PCL1-

AD3-20. The peel force and the specific adhesive energy increases with increasing 

electrospinning time for both PVA- and PCL-based samples.  

 

3.2.3 Shear specific adhesive energy of fiber mats  

The results of the dead weight tests with the pure soy/polymer fiber mats and 

adhesive/soy/polymer fiber mats are listed in Table 4. From the weight measurements, 

the shear specific adhesive energy were calculated as 

sh

mg
G = 

2W
                              (2) 

where m is the mass of water in the container when the sample delaminated, g is gravity 

acceleration and W is the sample width. All dead weight tests were conducted with 2.3 

cm x 5 cm samples, so the sample width was constant at 2.3 cm. Eqn (2) is derived 

similarly to eqn (1). 

The shear specific adhesive energy Gsh measured with different adhesives are 

listed in Table 4. Similarly to the normal specific adhesive energy, the shear specific 
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adhesive energy obtained for the same adhesive using either soy protein/PVA or soy 

protein/PCL are in the same range (cf. Table 4). Due to the presence of the initial 

electrosprayed layer of adhesive, the weight required to delaminate the samples was 

higher for soy protein/PCL adhesive fibers than for soy protein/PVA fibers. Since the 

area of the samples was the same for all the dead weight test samples, the higher weight 

for the adhesive/soy/PCL samples resulted in the higher adhesive forces. Also, similar to 

the results obtained in the normal adhesion test, the PVAc wood glue was the strongest 

and revealed the highest specific adhesive energy among the other adhesives tested. 

   

Table 4. Dead weights and shear specific adhesive energy of monolithic adhesive/soy 

protein/PVA and adhesive/ soy protein/PCL fibers.  

Soy protein/PVA Soy protein/PCL 

Sample Dead 

weight 

[g] 

Shear 

adhesive 

specific 

energy 

[N/m] 

Sample Dead 

weight 

[g] 

Shear 

adhesive 

specific 

energy 

[N/m] 

PVA2-10 6.5 1.386 PCL1-10 14.3 3.049 

PVA2-AD1-10 29.8 6.355 PCL1-AD1-10 54.1 11.537 

PVA2-AD3-10 467.2 99.635 PCL1-AD3-10 594.6 126.805 

PVA2-AD4-10 344.5 73.468 PCL1-AD4-10 405.6 86.498 

 

The comparison of the results in Tables 3 and 4 shows that the shear specific 

adhesive energies can be significantly higher (typically by one or even two orders of 
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magnitude) than the normal specific adhesive energies of the corresponding fiber 

samples.   

  

3.3 Electrospraying adhesive onto soy protein/PVA and soy protein/PCL nanofiber 

mats  

A pristine soy protein/PVA fiber mat, sample PVA1-10, is shown in Figs. 8a and 

8b. In Fig. 8a, the black thicker filaments are the background rayon fiber strands. Figs. 8c 

and 8d show the adhesive barrel-shaped drops on soy protein/PVA nanofibers after 

sample PVA1-10 had been electrosprayed by adhesive AD2 for 10 min. Similarly, 

electrospraying of adhesives AD1 and AD2 was conducted for 10 min onto sample 

PCL1-10, as described in the experimental section. The electrosprayed droplets have 

diameters in the range 1 – 10 μm
54

. It should be emphasized that the adhesive droplets are 

located on the nanofibers and do not block the fiber pores. Fig. 9(1) illustrates SEM 

images of the soy protein/PVA fibers before and after the 180º peeling test of samples 

SPv01 and SPv02. Adhesive AD1 is a pressure-sensitive adhesive and the normal 

specific adhesive energy of samples SPv01 and SPc01 were tested for different applied 

pressures. The adhesive droplets were smeared onto the soy protein/PVA and soy 

protein/PCL nanofiber mats. Morphologically, for lower load (1 kg), the overall 

nanofiber structure remained intact even after the peeling test [compare Fig. 9(1)c with 

Fig. 9(1)b]. However, on application of a higher load (11.5 kg), the adhesive was 

completely smeared and the pore structure was lost with dramatically reduced pores [Fig. 

9(1)d]. For reusability of the prepared nanofiber patches using repositionable adhesive 
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AD2, (samples SPv02 and SPc02), the normal specific adhesive energy of the samples 

were tested by repeating the loading-peeling test on the same sample. On repeating the 

peeling test on the same sample, some of the adhesive droplets coalesced [compare Fig. 

9(1)g with Fig. 9(1)f]. After repeating the peeling test on the same sample seven times for 

sample SPv02, the adhesive drops were completely smeared [Fig. 9(1)h]. However, the 

pores, though diminished, were still not completely blocked. Fig. 9(2) shows the SEM 

images of adhesives electrosprayed on separate samples of PCL-10. The peeling test for 

the same sample of SPc02 could be done only three times. This is because at the end of 

the third test, there was no adhesive remaining in the fiber mats and they could not be 

stuck again onto the balsa wood strip. 
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Fig. 8. Optical microscope images of: (a) As-deposited soy protein/PVA nanofibers on a 

rayon pad (sample PVA01-10); (b) Magnified view of panel (a); (c) Sample SPv02 with 

electrosprayed adhesive droplets of repositionable adhesive AD2 on soy protein/PVA 

nanofiber mat; (d) A magnified view of panel (c).  

 

 

Fig. 9. (1) SPv01 before peeling test at: (a) Low magnification, and (b) Higher 

magnification. The samples after the peeling test with application of: (c) 1 kg load, and 

(d) 11.5 kg load. SPv02 sample before the peeling test at: (e) Low magnification, and (f) 

higher magnification. The samples after: (g) A single peeling test, and (h) after seven 

Page 29 of 46 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 30

consecutive peeling tests of the same sample. The scale bars are 50 µm. (2) 

Electrosprayed adhesives on soy protein/PCL fiber mats: (a) SPc01, and (2) SPc02.  

 

The average peel force values for the 180º peeling tests of several samples are 

shown in Fig. 10. For pressure-sensitive adhesive AD1, increasing pressure leads to an 

increase in the average peel force (Fig. 10a for SPv01, and Fig. 10b for SPc01) required 

to peel the samples off. For repositionable adhesive AD2 in consecutive peeling tests 

(seven for SPv02, and three for SPc02 on the same sample) the results are shown in Figs. 

10d and 10e, respectively. The peel force decreases from the maximal value after the first 

peeling test (from 0.1 N to 0.03 N), and thereafter remains in the range of 0.02 N to 0.05 

N (Table 6).  

The normal specific adhesive energy Gn of the adhesives was calculated using eqn 

(1). The thicknesses of the adhesive droplet layers on the soy protein/PVA nanofiber mats 

were as follows: for SPv01 the thickness was 92 μm, for SPv02 the thickness was 27.7 

μm, for SPc01 the thickness was 303.3 µm, and for SPc02 the thickness was 343.8 µm. 

The sprayed adhesive layer was thicker for soy protein/PCL samples as compared to soy 

protein/PVA samples. This is due to the different material properties of the fibers. For 

hydrophobic PCL, the water soluble adhesive droplets were hanging from the fiber 

surfaces, whereas for hydrophilic PVA, the adhesive droplets were spread almost 

uniformly along the entire surface of the fibers. The adhesive energies along with the 

corresponding peel forces measured for different pressures applied on SPv01 and SPc01 
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samples and in consecutive peeling tests of the same samples of SPv02 and SPc02 are 

listed in Tables 5 and 6, respectively.  

Fig. 10. Peel force for electrosprayed adhesive AD1: (a) sample SPv01, (b) sample 

SPc01, and (c) comparison between the two samples. Similar peel force graphs for 

adhesive AD2: (d) sample SPv02, (b) sample SPc02, and (c) comparison between the 

latter two samples.  

 

Table 5. Peel force and normal specific adhesive energy of electrosprayed pressure-

sensitive Micronax adhesive (AD1) for different applied pressures on samples SPv01 and 

SPc01.  

 Sample SPv01 Sample SPc01 

Applied 

pressure  [kPa] 

Peel force [N] Normal 

specific 

adhesive 

energy [N/m] 

Peel force [N] Normal 

specific 

adhesive 

energy [N/m] 
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0.83 0.00565 0.14 0.01188 0.25 

4.17 0.01142 0.29 0.03982 0.83 

9.55 0.01508 0.38 0.05312 1.11 

 

Table 6. Peel force and normal specific adhesive energy of electrosprayed repositionable 

glue (AD21) for consecutive peeling tests of the same samples SPv02 and SPc02.  

 Sample SPv02 Sample SPc02 

Cycle Peel force 

[N] 

Normal specific 

adhesive energy 

[N/m] 

Peel force 

[N] 

Normal specific 

adhesive energy 

[N/m] 

1 0.10115 2.53 0.07901 1.65 

2 0.03537 0.89 0.02624 0.55 

3 0.05008 1.25 0.00844 0.18 

4 0.03462 0.87 - - 

5 0.03022 0.76 - - 

6 0.05442             1.36 - - 

7 0.02774 0.69 - - 

  

Figs. 10c and 10f show the difference in the effect of the same adhesive 

electrosprayed on two different types of fiber mats. This can be explained as follows. Soy 

protein/PVA fibers (sample PVA1-10) are water soluble and hydrophilic in nature. The 

electrospraying conditions of the adhesives AD1 and AD2 were different, with AD1 

producing large droplets and AD2 producing smaller ones. Accounting for the fact that 

the large droplets of AD1 contained more water, implies that impinging of these droplets 

onto PVA1-10 dissolved some of the fibers [Fig. 9(1)a]. The fiber morphology was lost 

in these places and adhesiveness was not found, accordingly. Soy protein/PCL sample 
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(PCL1-10) is insoluble in water. Hence, the size of the droplets did not affect the fibers 

and the adhesive drops were still located on the fiber mat [Fig. 9(2)a]. Therefore, with 

pressure-sensitive FDA-approved adhesive AD1, the peel force was higher for sample 

SPc01 as compared to sample SPv01 (Fig. 10c and Table 6). Due to an increase in the 

thickness of the adhesive layer for SPc01, there was no significant increase in the normal 

specific adhesive energy of the adhesive AD1 as compared to that of adhesive AD2.  

The adhesive droplets of AD2 reaching soy protein/PVA mat were small and 

contained no water. Hence, the fiber morphology of the sample SPv02 remained 

unchanged [Fig. 9(1)e]. On the other hand, PCL is hydrophobic, and the small adhesive 

droplets could be easily detached from the sample (sample SPc02). Hence, on repetitive 

peeling of the same sample of SPc02, the adhesive droplets no longer remained on the 

fiber surface and almost no adhesive remained after peeling the same sample thrice (Fig. 

10f).  

 

3.4 Shear adhesion test  

Tables 7 and 8 show the results of the dead weight test for the different samples 

prepared by electrospraying adhesives AD1 and AD2, respectively. The shear specific 

adhesive energy was calculated using eqn (2), with the samples having the same 

dimensions of 2.3 cm x 5 cm. The shear specific adhesive energy depends on both the 

type of the fibers and the adhesive. Comparing between samples SPc01 and SPv01 in Fig. 

11a, it is seen that the sprayed AD1 solution is adhered better on PCL fibers than on PVA 

fibers. This is because the electrosprayed adhesive AD1 produced large droplets which 
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dissolved some of the soy/PVA fibers, whereas soy/PCL fibers being insoluble in water, 

remained intact. With the adhesive solution AD2, sample SPv02 shows the best shear 

specific adhesive energy in the first trial (see Fig. 11). Since the adhesive AD2 is 

repositionable, the same sample was used for repeated tests and the specific adhesive 

energy was found to drop dramatically in these tests. This happened because most of the 

sprayed adhesive was detached from the fiber surface after the first test. As mentioned 

above, PCL is not a water-soluble polymer, so water squeezed from the adhesive onto the 

fiber mat does not pose a problem. The investigation of the effect of glue on the shear 

specific adhesive energy of samples SPc01 and SPc02 (see Fig. 11a) revealed that AD1 

possess a higher specific adhesive energy than AD2. The reason for the reduced specific 

adhesive energy of sample SPv01 as compared to SPv02 is related to the fact that the 

PVA fibers can be dissolved by large electrosprayed droplets of AD1. This proves that 

the shear specific adhesive energy of composite depends on a proper combination of the 

fiber and adhesive pair more than on the ability of the adhesive itself.  The average value 

of the shear specific adhesive energy for the developed patches is in the range of 7 N/m – 

25 N/m.  This is significantly smaller than the values reported in ref 55 where the specific 

adhesive energy of pure nylon fibers was measured. It should be emphasized that ref 55 

employed aligned 50 nm nanofibers and reported 2.7 times stronger adhesion than that of 

a gecko feet.  
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Fig. 11. (a) Shear specific adhesive energy in repeated test of SPv02 and SPc02. The 

horizontal axis reckons the number of the test in which the adhesive energy was 

measured, for example in test 4, the same sample has been stuck to the surface and 

removed for the 4
th

 time.  (b) Shear specific adhesive energy in the first test of SPv01, 

SPc01, SPv02 and SPc02 samples for the 0.83 kPa applied pressure. 

 

Table 7. Dead weight and shear specific adhesive energy of electrosprayed pressure-

sensitive Micronax adhesive (AD1) for different applied pressures on samples SPv01 and 

SPc01.  

 Sample SPv01 Sample SPc01 

Applied pressure  

[kPa] 

Dead 

Weight[g] 

Shear specific 

adhesive 

energy [N/m] 

Dead 

Weight[g] 

Shear specific 

adhesive 

energy [N/m] 

0.83 37.4 7.98 70.6 15.1 

4.17 108.8 23.2 183.5 39.1 

9.55 146.0 31.1 289.3 72.4 
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Table 8. Dead weight and shear specific adhesive energy of electrosprayed repositionable 

glue (AD2) for consecutive peeling test of the same samples SPv02 and SPc02.  

 SPv02 SPc02 

Cycle 
Dead weight 

[g] 

Shear specific 

adhesive 

energy 

[N/m] 

Dead 

weight  [g] 

Shear specific 

adhesive energy 

[N/m] 

1 120 25.6 55.3 11.8 

2 49.7 10.6 41.5 8.85 

3 25.4 5.43 36.4 7.75 

4 12.4 2.65   

5 8.90 1.9   

6 14.3 3.05   

 

  

3.5 Compostability tests of the developed nanofiber patches  

Compostability tests were conducted to test the longevity of the developed patches 

under atmospheric conditions. Fig. 12 shows the SEM images of the monolithic soy 

protein/PVA fibers (sample PVA2-10)  and soy protein/PCL fibers (sample PCL1-10) 

taken immediately after electrospinning, 30 days after the sample was left open at room 

temperature and humidity, and after a water droplet was gently placed on the fiber mat. 

No degradation in the fiber structure was seen for sample PVA2-10 when left under open 

atmospheric conditions (Fig. 12b). However, with both the soy protein (Clarisoy) and 

PVA being water soluble, the entire fiber structure was lost on addition of a water droplet 

(Fig. 12c). With soy protein (Pro-Fam 955) and PCL, both being water insoluble, the 
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fibers remained intact under the atmospheric conditions, as well as on addition of water 

(Figs. 12e-f).  

 

Fig. 12. Monolithic soy protein/PVA fibers: (a) Immediately after electrospinning, (b) 30 

days after the fibers were left open under room temperature conditions, and (c) after 

addition of water droplet. Similar soy protein/PCL fibers: (d) immediately after 

electrospinning, (e) 30 days after the fibers were left under room temperature conditions, 

and (f) after addition of a water droplet.  

 

 PVA and PCL are two of the most biodegradable polymers used and their 

degradation rates depend on the environmental conditions rather than on the adhesives. In 

general, it takes several months for these polymers to degrade.
56-59 

Grapevine pruning 

wounds, on the other hand, are susceptible to infection by fungi for as long as six to 

seven weeks
60-62

. Hence, the patches developed in the present work would remain intact 

until the plant wounds heal.  
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3.6 Use of sticky patches against esca 

Practical application of the developed sticky nano-textured patches against esca 

attack and their sustainability under environmental conditions were assessed. The shear 

stress τw on the patch surface was calculated using the Schultz-Grunow formula for the 

friction law in a turbulent boundary layer on a wall
63 

 

( )
w

f 2.5842

10 x

0.370
c

U / 2 log Re

τ
= =
ρ

                                                                                 (3) 

where cf is the dimensionless friction coefficient, ρ is the air density, U is the wind 

velocity, and the Reynolds number Re=Ux/ν, with x being the cross-section location, and 

ν being the kinematic viscosity of air. For the estimate, take ρ = 1.177 kg/m
3
, ν = 0.15 × 

10
-4

 m
2
/s, and x=0.05 m. The speed of air U is assumed as 22.9 m/s, the maximum speed 

at a California vineyard in April
64

. This wind speed is assigned as level 9 (strong gale) on 

the scale of 12 in Beaufort scale, which is sufficient enough to break off weak branches 

and twigs
65

. Then, eqn (3) yields τw=1.9 Pa. This stress is to be compared with the 

adhesive strength ( )sh shS mg / W 2G /= × =l l . Using the values of Gsh listed in Tables 4, 

7 and 8 and 5 cm=l as in the experiments, we find that τw is by several orders of 

magnitude smaller than Ssh. Therefore, the patches will not be blown off even by such a 

strong wind, even after the seventh cycle of loading.  

 

4. Conclusions 
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Adhesive nanofiber patches were developed from monolithic soy protein/PVA and 

soy protein/PCL fibers and different water soluble adhesives. By varying the time of 

electrospinning, the pore sizes can be controlled, thereby a protective layer against fungi 

attack can be formed. These biodegradable and biocompatible nano-textured composite 

patches are radically different from the ordinary electrospun ultra-filtration 

membranes
66,67

 and the void-free electrospun nanofiber composites
68

. The patches 

developed in the present work can be used to protect plants against fungi attack through 

prune locations and help preventing diseases like Vine Decline. The specific adhesive 

energies of the fibers were sufficient to withstand strong wind conditions, which mean 

that the patch stickiness makes them ready to be used on prune locations without being 

carried away by wind and allowing sufficient porosity for plants to breath. It should be 

emphasized that the normal specific adhesive energies between the nanofiber patches and 

wood measured in the present work (Tables 3, 5 and 6) are either close, or higher than the 

specific adhesive energies between two individual nylon 6 nanofibers measured using the 

in situ atomic force microscopy in ref 69 (0.427-0.613 N/m for two orthogonal fibers and 

0.628 N/m for two parallel nanofibers). On the other hand, the shear specific adhesion 

energies measured in the present work (Tables 4, 7 and 8) are typically by one or two 

orders of magnitude higher than the normal specific adhesive energies measured in ref 69 

and in the present work.  
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