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Abstract

Electrospinning is an interesting technique widely used in industry to produce complex fibrous
structures with tunable porosity and morphology. Yet, little is known about possible delamination
between electrospun layers. In the present work, we studied the adhesion between PCL electrospun
mats of similar porosity and investigated the effect of different morphologies, solvents and post-
treatment on adhesive strength using a T-peel test. The objective is to establish guiding rules for
improving the adhesive strength when fabricating multilayered electrospun systems. The effect of
fiber diameter was found to be clearly dominant, large diameter fibers (3.6 pm) showing almost
7-fold increase (p < 0.0001) of the adhesive strength compared to smaller ones (0.5 pm), while the
use of different solvents for the two layers didn’t induce any major change. Heat treatment was
also found to improve the adhesive strength. Further study is needed to better understand adhesion
mechanisms between electrospun materials. Finally, this T-peel test was found to be an adequate

simple tool to test electrospun bilayer materials and evaluate their adhesive strength.

Keywords: Electrospinning, adhesive strength, peel test, multilayer, heat treatment.
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1 Introduction

Electrospinning is a fabrication technique of non-woven nano- and micro-fibers mats. It has been
largely employed in the last two decades for a wide range of industrial applications such as filters,
biosensors and in biomedical engineering. In the latter case, applications such as dressings for
wound healing or drug delivery, as well as vascular grafts [1-3] have been developed. In particular,
a recent trend is to use electrospinning to fabricate complex designs, including gradient porosity
and systems with multiple electrospun layers on top of each other to improve their performance or
meet specific design criteria [4-8]. As evoked by Grey et al., who developed an approach by
gradient electrospinning to modulate the properties at the boundaries between layers [9],
multilayered mats can lead to delamination. Superimposed layers are prone to delaminate over
time [10], 1.e. the layers detach at the interface, leading to a free space and absence of load transfer
to the next layer through the interface. This may impact both the shape and functionality of the
product [11, 12]. For example, multilayer electrospun scaffolds are now developed as blood vessel
substitutes, to mimic the properties of the native tissue, with each layer mechanically integrated
with the bordering others [10]. Lack of cohesiveness of electrospun scaffolds and/or delamination
between layers have been observed in several animal studies [10, 13-15], as reported by Lu et al.
on bilayer graft after 8§ weeks in vivo [14]. Unfortunately, poor results are rarely reported in the

literature.

Despite the importance of adhesive strength on the performance of multilayered systems, to the
best of our knowledge, little has been reported on the risks of delamination and the adhesive

strength between electrospun mats [16-18], most studies being rather focused on the adhesion of



ADHESION BETWEEN ELECTROSPUN MATS 4

electrospun materials with a matrix to create composites [19-21]. Better understanding of the
various parameters which could affect the cohesion between electrospun layers is required. More
generally, the study of the delamination between electrospun fibers could provide further
understanding of the relationship between the structure and the performance of these widely used

electrospun materials.

The objective of the present study was to evaluate peel tests [22] as a simple method to determine
the adhesive strength between two electrospun mats and the main factors that influence adhesion.
We explored the effect of the fiber diameter, the solvent used for electrospinning the mats and a
heat treatment on the adhesive strength of electrospun polycaprolactone (PCL), a biodegradable

polymer used in a wide range of applications.

2 Materials and Methods

2.1 Materials and specimen fabrication

Polycaprolactone (PCL, Mn = 80 000) was purchased from Sigma-Aldrich Canada Co., as well as
the chemicals, 2,2,2-trifluoroethanol (TFE), chloroform and ethanol. Three different solutions
were prepared by dissolving pellets of PCL, as follow: PCL1, 15 wt% into TFE; PCL2, 10 wt%

into TFE; PCL3, 15 wt% in a mix of chloroform/ethanol 7:3 (v/v).

PCL bilayer mats were produced on a 6-mm-diameter rotating mandrel using a homemade
electrospinning setup. Table 1 presents the details of the electrospinning parameters for each

solution. The electrospinning of the bottom and top layers was spaced out by at least 15 minutes.
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The same volume (1 mL) was electrospun for each bottom and top layer. Non-stick aluminium foil
pieces were placed on the bottom layer before electrospinning the top layer to allow unbound ends
for each layer for subsequent peel tests. Parameters for the electrospinning of PCL3 scaffolds were
optimized in order to obtain the same morphology as PCL1 mats. Both layers were electrospun on
top of each other to investigate the impact of the solvent nature. PCL2 was produced to study the
adhesion between layers presenting different fiber size. Finally, some of the PCL1 and PCL2
bilayer scaffolds were also submitted to a heat treatment in an environmental chamber (Associated
Environmental Systems, Acton, MA, U.S.A.) at 65°C for 4 minutes with 20 % humidity, hereafter
designated as PCL1HT and PCL2HT, respectively. This treatment was chosen since interfiber
bonding was observed through microscopic observation and for its short duration. All samples
were extracted from the drum with a scalpel incision along the longitudinal axis, and were cut into

rectangular strips having about 20 mm in length for their bonded parts.

2.2 Scaffolds morphology and dimensions

Fibers were observed by scanning electron microscopy (SEM) using a tabletop TM3030Plus
instrument (Hitachi, Tokyo, Japan) at 15 kV, after sputter-coating a 20 nm-thickness layer of
chromium under vacuum. Images were analyzed using ImageJ (NIH, USA) software. Fiber
diameters were calculated based on about 50 different fibers from at least three different specimens
for each scaffolds type. The porosity ¢ of the scaffolds was calculated by the gravimetric method,

according to Equation 1 [23].

1— Pmat

Dol Equation 1
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Where pmat 1s the density for each electrospun mat, calculated as the ratio between its mass and

volume, and ppui is the bulk density of PCL (1.145 g/cm?®).

The mean pore diameter » was estimated theoretically with a simplification of the model of
Eichhorn and Sampson [24], in which it is related to the fiber diameter d and the total porosity &

of the scaffold as indicated in Equation 2 [25].

r=—— Equation 2

Thicknesses were measured using a Progage Thickness Tester (Thwing-Albert Instrument
Company, West Berlin, U.S.A.). Mats were sandwiched between two PET films to avoid errors
due to compression. The width was obtained from the average of three measures with a digital

Vernier caliper (Mitutoyo, Kawasaki, Japan).

SEM analysis was also performed after the peeling tests, in an effort to determine the failure modes

[26, 27] and the real contact area between the mats as a function of their morphology.

2.3  Peel test

The T-peel test protocol was established by adapting ASTM D1876 standard [28] to our
application, using a mechanical tester Mach-1 v500cst (Biomomentum, Laval, QC, Canada), with
a 10 kgf (100 N) load cell. Unbound ends of the test specimen without aluminium foil pieces were

clamped in the grips of the testing machine according to Figure 1, with an angle of 180° between
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both ends. The load was applied at a constant speed of 10 mm/min, until the detachment of the
entire length of the specimen. At least six different samples were tested for each bilayer system

from three independent experiments.

The adhesive strength G between the electrospun layers of each sample is usually calculated with

the Equation 3 [29].

G = %(1 — cosf) Equation 3

Where, F is the average peel force (N), w the width of the sample (m), and ® the peel angle.

With a T-peel test, the initial peel angle is 180°. This reduces the calculation to the following

equation:

¢==% Equation 4

w

The peel angle is assumed to be steady for the entire duration of the test.

2.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC, TA Instruments, New Castle, DE, U.S.A.) was used to
characterize the PCL pellets and mats and to determine the melting temperatures to verify if the
PCL electrospun fibers presented different properties than bare PCL material. Specimens (weight
3 to 8 mg) were hermetically sealed in an aluminum pan. DSC was performed at a 10°C/min

heating rate up to 110°C. The values of the melting temperature were obtained from the
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thermograms using the Universal Analysis v4.5 software (TA Instruments, New Castle, DE,

US.A)).

2.5 Statistical analysis

Data are expressed as the arithmetic mean + standard deviations. Statistical tests were carried out
with GraphPad Prism Software Version 7.0 (San Diego, CA, U.S.A.) using ANOVA with Tukey’s
post hoc analysis. The normality of data was verified with a Shapiro-Wilk test. P values of less

than 0.05 were considered significant.

3  Results

3.1 Mats characterization

All electrospun PCL mats presented random bead-free fiber structures with porosity about 80 %
as reported in Table 2. Their morphology can be observed on SEM images in Figure 2 and their
structural characteristics are summarized in Table 2. PCL1 and PCL3 had a mean fiber diameter
of 3.6 and 3.8 um, respectively. Microfiber samples were compared to evaluate the impact of
different solvent systems used to produce PCL fibers, while PCL2 samples were produced with
smaller nanofibers (510 nm in average) to determine the impact of fiber size on the adhesive
strength. The standard deviation for the fiber diameter of PCL3 was higher, indicative of more
variability in the production of the electrospun PCL fibers with chloroform/ethanol mixture than

with TFE. The thickness of samples was 200 = 59 um in average.
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The effect of the heat treatment on the PCL mats can be seen on Figure 3AB, showing that fibers
bonded at their contact points (especially visible for PCL1HT). In addition, nanofibers (PCL2HT)
seemed to be welded together leading to a merging start. Figure 3C shows the DSC curves of PCL
granules and the electrospun fibers. It is observed that the melting temperature occurs at 63°C for

pellets, while in PCL fibers it decreased to 59.4°C and 58.9°C for PCL1 and PCL2, respectively.

3.2 Adhesive strength

A typical load-extension curve observed during T-peel test is shown on Figure 4A First, there is
an initial increase of the load until the initiation of the detachment of the two layers, followed by
a relatively stable zone where the gradual delamination of both mats occurs until the whole length
of the sample is detached or the limit of the machine is reached. The small load variation on the
plateau region may be due to local surface alignment of fibers opposing the tensile force. The peel
force considered for the calculation of the adhesive strength with Equation 4 corresponds to the

average of the load along the plateau.

Results of the T-peel tests for each tested bilayer system are presented in Figure 4B. PCL1, PCL2
and PCL3 were tested alone by electrospinning twice the same solution to evaluate their
cohesiveness. PCL1 and PCL3 with microfibers reached adhesive strengths of the same order of
magnitude, i.e. 65.5 £ 7.9 and 74.4 = 9.3 mN/mm respectively, whereas PCL2 nanofibers mats
displayed significantly lower strength with 9.5 & 3.1 mN/mm. After a heat treatment of the bilayer
PCL1 and PCL2 systems, their adhesive strength significantly increased (p < 0.0001) when

compared to the values obtained with their initial as-spun bilayer mats. We also evaluated the



ADHESION BETWEEN ELECTROSPUN MATS 10

adhesive strength of bilayer samples with two different layers and obtained values of 14.4 + 4.3
and 62.0 £ 16.3 mN/mm, for PCLI1 electrospun with PCL2 or PCL3, respectively. The morphology
of the peeled mats was observed by SEM. All peeled specimens present similar morphologies
compared to before being tested. Defects could be noticed on the surface of fibers from the bilayer
system composed only of microfibers, either PCL1 or PCL3 mats (Figure 5). No change in the

surface was observed when the bilayer peeled sample involved one PCL2 nanofiber mat.

4 Discussion

Little is known about the adhesive strength between electrospun layers despite the wide range of
applications in industry. By using a T-peel test we investigated the adhesive strength between
different PCL electrospun layers. We selected PCL as it is a widely used polymer in
electrospinning studies [2]. However, we believe that the trends observed in our exploratory study

for adhesive strength can be extended to other polymeric materials.

The T-peel test described in the ASTM D1876 standard is primarily intended to determine the
strength of the adhesive that bonds two laminated panels [28]. We adapted this test for our
application to measure the adhesive strength between two materials produced by electrospinning
of successive superimposed layers. Differences include smaller sample size and lower peel rate,
which was fixed here at 10 mm/min. One limitation of our method is that the angle between the
bonded part of the specimen and the direction of tension was not necessarily kept constant at 90°
during the test. Bending may have occurred, impacting the concentration of stress as the peel front

progressed through the sample [30]. The control over the angle may be done by manually holding
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the bonded parts [30], but it might introduce parasitic forces [31]. To overcome these issues, in the
future, the bonded parts of the specimen could be held at a 180° angle with one of the peeled arms

[30], or a mechanical fixture supporting the unpeeled parts could be designed [31].

We first verified the reproducibility of the T-peel test as a method to determine the adhesive
strength between electrospun materials. The coefficient of variation (or relative standard deviation)
for the adhesive strength of the microfibers mats (either PCL1 or PCL3) was 12 %, which we
estimated to be acceptable to consider the method reproducible [32, 33] due to the variability of
the electrospinning process itself [34, 35]. It should be noted that the coefficient of variation

however reached 30 % for groups which presented low adhesion values, such as PCL2.

We investigated the effect of the fiber diameter by electrospinning two different mats made with
microfibers (PCL1, mean diameter 3.6 um) and nanofibers (PCL2, mean diameter 510 nm). The
adhesive strength between two microfiber mats was almost 7 times greater than that between two
nanofiber mats. This result suggests that the fiber diameter had a great impact on adhesion,
probably due to the increased area of contact between fibers. This was confirmed by laminating
the micro and nanofiber layers together. This led to an adhesive strength only slightly higher than

that between nanomats, probably because the contact area remains limited by the nanofibers.

The contact area between two electrospun mats depends both on the fiber diameter and the number
of contact points between the two mats, which is very difficult to assess theoretically. In an attempt
to quantify it, we took SEM images after peeling, but the quantification of the contact area was not
feasible. Indeed, while pieces of residual fibers from the other mat were visible at the surface of

microfibers (Figure 5), the real contact area could not be determined. It was even more difficult
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for nanomats where no defects were observed by SEM on fibers at the interface after peeling.
Therefore, our results do not allow to conclude if the adhesive force depends on the mean area for
each interfiber contact, the global contact area between the layers or a combination of both. These
SEM images suggest that fracture essentially appeared as delamination (fracture between the

layers), although some fiber fracture also occurred in the case of the microfibers mats.

In previous works, Wong and others analyzed the adhesion mechanism between electrospun fibers.
They determined that adhesion mainly occurs from Van der Waals forces (with the preclusion of
capillary bridges between fibers in their evaluation) [16-18, 36]. One study performed on single
electrospun fibers showed that the adhesive strength increased with the decreasing fiber diameter
[17]. This might look in contradiction with our results. It must however be noted that in their study,
the adhesive strength was calculated by dividing the force by the true contact area between the two
fibers. In our case, the adhesive strength is calculated by dividing the force during peel test by the
sample width. This gives a relative adhesive strength which doesn’t take into account the real
contact area between the two layers, which depends on the fiber diameter and density at the exact

interface.

The impact of solvent nature was studied by comparing the adhesion of PCL mats of similar
morphology but prepared with different solvents (TFE for PCL1 and chloroform/ethanol for
PCL3). The solvent can impact the adhesion since residual solvent in the fibers can lead to local
fusion at junction points between fibers [37, 38]. Solvents with higher vapor pressure at room
temperature are expected to evaporate more slowly, leading the solidifying fibers to form stronger

bonds with the underlying layer. According to the supplier information, TFE and the
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chloroform/ethanol mixture have a vapor pressure of 70 and 116 mmHg respectively (calculated
with Raoult’s law equation [39]). This might explain the slightly higher adhesion strength observed
for PCL3/PCL3 compared to PCL1/PCLI, but the difference was not significantly different (p =

0.35).

The adhesive strength was not different when the two layers were electrospun in different solvents
(one layer with TFE solution and the other layer with chloroform/ethanol). This might be explained
by the fact that PCL can be dissolved with both solvents and their vapor pressure is in the same
order of magnitude. However, it might be interesting to determine the impact of using two different

materials, electrospun from different solvents, in which they can’t dissolve each other.

To improve the adhesion, one method is to fuse the fibers at their junction points. This will increase
the number of fibers participating in the adhesion through the thickness of the specimen. It is also
known that thermal treatments can increase the tensile properties of electrospun mats [37, 40-42]
and affect the crystallinity of the fibers [43]. Usually, the heat treatment is carried out at a
temperature between the glass transition and the melting of the material and can last for hours [42,
44]. Another possible way is to heat samples for a short period of time at temperatures above the
melting temperature or close to it [41]. This approach was chosen here. The limitation of this
approach is that the fibrous network of the structure might be lost with completely molten fibers
if the thermal process is not well controlled. Glass transition and melting temperatures of
electrospun polymers may differ from up to 10°C from that of the bulk polymer, due to difference
in the orientation of molecular chains and the crystallinity [45-49]. Differential scanning

calorimetry (DSC) was therefore employed to determine the melting point of electrospun mats and
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films of PCL. The glass transition was not studied since it is known to be very far from the
temperature of interest here, namely around -60°C for PCL [50]. The melting point of the
electrospun fibers was found to be slightly decreased compared to the bulk polymer, from 63 to
59°C (Figure 3C). We proposed here a short time for the heat treatment (4 minutes) at a
temperature barely above the melting temperature of the bulk (65°C). The heat treatment led to a
two-fold increase of the adhesive strength between microfiber mats. The impact on nanofiber mats
was found to be even more drastic, with up to a 7-fold increase. The SEM analysis of the mats
showed that our specimen kept their fibrous structures. However, their morphology was slightly
modified, and the nanofibers seemed to start merging together. Longer heat treatments at lower
temperature such as 55°C during 1 hour [40] could be proposed to fuse fiber contact points without
the melting effect. Other methods could also be used for increasing adhesion such as the vapor of
a proper solvent as post-treatment (like formic acid or dichloromethane) ) [51, 52] or blending the

electrospun solution with a stickier material [53, 54].

5  Conclusion

The adhesive strength between electrospun mats is still poorly investigated. Here, we proposed
simple exploratory trials to give fruitful insights into the understanding of the adhesion properties
of electrospun multilayered systems, which can be useful for many industrial applications. We
highlighted the impact of the fiber diameter on the adhesive strength which relates to the contact
area between fibers at the interface of layers. In order to improve the adhesive strength, if the fiber
diameter cannot be increased, it is also possible to use other techniques such as heat treatment.

This work is an exploratory study with PCL and further investigations with different materials and
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topology (fiber diameter, orientation, porosity) are necessary to better understand all the

parameters that may influence adhesion between electrospun materials.
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Tables

Table 1 Process conditions used to produce electrospun bilayer scaffolds

20

Tip- Needle Trans
Flow Needle Linear
collector ~ Voltage trans lation 10} RH  Temp.
Polymer rate size velocity
distance kV) lation speed (mm) (%) (°O)
(mL/h) (G) (cm/s)
(cm) (cm) (cm/s)
25-
PCLI 25 15 2 18 11.6 22 6 3.8 20-23
65
25-
PCL2 25 15 2 18 11.6 2.2 6 3.8 20-23
65
20-
PCL3 20 15 4 18 11.6 2.2 6 3.8 20-23
50

Table 2 Characteristics of PCL electrospun scaffolds

PCL1 3.6+0.4 80.1+1.7 16.2
PCL2 0.5+0.2 79.7+1.5 2.2
PCL3 38+1.0 79.8+ 1.7 16.9
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Figure captions
Figure 1. Representation of the T-peel test. (A) Schematisation of the setup. (B) Picture of an

ongoing T-peel test.

Figure 2. SEM images of the morphology of different PCL layers (scale bar: 20 um). (A) PCLI,

(B) PCL2, and (C) PCL3.

Figure 3. (A,B) SEM images of the morphology of PCL1 and PCL2 mats after heat treatment
(scale bar: 30 pm). (A) PCL1HT and (B) PCL2HT. (C) DSC thermograms of bulk and electrospun

PCL.

Figure 4. Representative load-extension curves obtained from T-peel tests using PCL bilayer
systems. (B) Adhesive strength of bilayer electrospun PCL scaffolds (n > 6). On the left side,
bilayer systems with 2 similar materials, i.e. twice PCL1, PCL2 or PCL3. The tiled bars represent
the adhesive strength after heat treatment of PCL1 or PCL2 bilayer mats, called PCL1HT and
PCL2HT, respectively. On the right side, tested bilayer systems with 2 different materials, i.e.
PCL1 with PCL2 (3.6 versus 0.5 pum fiber diameter) and PCL1 with PCL3 (TFE vs
chloroform/ethanol as solvent). Significant differences are represented as follow: * from

PCL1/PCL1, e from PCL1HT, # from PCL2/PCL2 (p < 0.0001).
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Figure 5. SEM images of PCL1 mats after a peel test showing defects on microfibers representing
pieces of residual fibers from the other microfiber mat of the bilayer system. Scale bars: (A) 20

pm and (B) 10 um.

Figures

Figure 1:

(A) (B)

1

Peeling
direction
< Top layer
o mm Bottom layer
Stationary

grip




ADHESION BETWEEN ELECTROSPUN MATS

Figure 2:

Figure 3:
PCL1HT o

f -
o)
2 PCL bulk
L
o PCL2
S J
S
T PCL1
©
@

I b1 77T

20 40 60 80 100
Temperature (°C)

,...
8

23



ADHESION BETWEEN ELECTROSPUN MATS 24

Figure 4:
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