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Wetting of electrospun mats plays a huge role in tissue engineering and filtration applications. However, it is
challenging to trace the interrelation between the wetting of individual nano-sized fibers and the
macroscopic electrospun mat. Here we measured the wetting of different nylon-11 samples — solution-
cast films, electrospun fibers deposited onto a substrate, and free-standing mats. With electrospun

nylon-11 on aluminium foil, we traced the dependence of the wetting contact angle on the fibers'
Received 23rd December 2020 f d ity (substrat ). When th l th tact le i d al t
Accepted 10th March 2021 surface density (substrate coverage). en the coverage was low, the contact angle increased almos
linearly with it. At ~17-20% coverage, the contact angle achieved its maximum of 124 + 7°, which

DOI: 10.1039/d0ra10788c matched the contact angle of a non-woven electrospun mat, 126 + 2°. Our results highlight the
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Introduction

How many nanofibers do we need to make a non-woven mat? Is
it enough to have ten fibers? Or a hundred? Or a thousand?
These questions might seem speculative; however, they become
crucial when we try to relate the properties of electrospun mats
with the properties of individual nanofibers. This relation is
essential when we focus on the wetting of non-woven mats."?

Wetting of electrospun mats influences their performance as
filters,® separators,® wound dressings,® sorbents,® and tissue
engineering scaffolds.” Wetting depends on the chemical
composition of the fibers, their diameter, spatial arrangement,
and post-treatment (chemical functionalization,® thermal
treatment,” and others). Controlling and predicting wetting
properties relies on understanding the liquid—-polymer interac-
tion at different scales from individual fibers to a mat.

The theoretical and experimental studies of the macroscopic
fibers give a detailed description of the interaction force and the
shape of the drop placed onto a fiber'®™ or a set of fibers.***¢ Since
electrospun fibers are usually far smaller than the liquid drops,
their wetting is studied using sophisticated experimental proce-
dures, such as attaching an individual nanofiber to an AFM tip.""”
Based on the wetting properties of individual fibers and general
theoretical models, one can explain the wetting properties of mats.
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importance of the outermost layer of fibers for the wetting of electrospun mats.

It is usually performed using the Cassie-Baxter model."**** When
a drop of liquid is placed onto an electrospun mat, it interacts with
thousands of nanofibers, as well as with the air entrapped between
them. The importance of air was highlighted in several studies.?
Due to the small radius of the nanofibers and their low packing
density, the electrospun mats demonstrate superhydrophobic®® or
super-oleophobic*** behaviour.

Let us reframe the above-mentioned question about the
minimum number of fibers that form a mat using the “surface
coverage” term. Since electrospun fibers are usually formed on
a grounded collector, we can ask: “Which minimum surface
coverage of the collector makes supported fibers behave as
a free-standing mat?” To answer this question, we prepared
non-uniform samples with a gradual change in surface coverage
by electrospun nylon-11 fibers. These samples allowed us to
trace the relation between the surface coverage and the sample's
contact angle (CA). We have found a certain threshold (~17-
20% coverage) at which the CA of the sample becomes equal to
the CA of an electrospun mat. This can be regarded as the
transition from individual fibers to a mat.

Materials and methods

Solutions of nylon

Nylon-11 was purchased from Sigma-Aldrich (USA), HFIP was
purchased from P&M Invest (Moscow, Russian Federation). The
stock solution was prepared at 100 mg ml ™" concentration.

Preparation of films, mats, and fibers

Three types of samples were used in this study (Fig. 1). Elec-
trospun fibers and mats were prepared using the Nanofiber
Electrospinning Unit apparatus (China). Upon electrospinning,
we obtained samples supported by aluminium foil or free-
standing mats with a thickness of 70-90 um. The former ones
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Fig. 1 Different types of samples used in this study.

are commonly obtained using electrospinning; the latter ones
required a polypropylene frame positioned between the feeding
syringe and the counter electrode.”” The accelerating voltage
and distance between the needle and the second electrode were
30 kv and 30 cm, respectively. The polymer solution was
supplied at a rate of 1 ml h™'; the inner diameter of the syringe
needle was 0.7 mm.

To obtain a mat on foil with a gradient surface density of the
fibers, we turned electrospinning on for a short time, approxi-
mately 2-5 minutes. As a result, a roughly centrosymmetric spot
of fibers was formed with few fibers at the periphery and many
fibers at the central part.

The bulk films used as control samples were prepared on
glass Petri dishes using solution-casting.

Contact angle measurements

The hydrophilicity of the samples was evaluated by measuring
the contact angle between water drops and the sample surface
using a Drop Shape Analyzer DSA 25E (Kruss, Hamburg, Ger-
many) at room temperature (22-25 °C). Water drops (~2 pl) were
placed on the sample surface with a microsyringe. The contact
angle measurements were carried over a 1 min period with a 1 or
2 s step to capture the time-dependent behaviour of the drop.

Scanning electron microscopy

Fragments with the size from 5 x 5 mm to 10 x 10 mm were
coated with a ~20 nm gold layer using Eiko IB3 sputter coater
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(Japan) and mounted onto the stage of the scanning electron
microscope (SEM). The fibers, mats, and bulk films were
analyzed using the TM3000 (Hitachi, Japan) at 15 kV acceler-
ating voltage. When we analyzed the samples with the variable
surface density of the fibers, we acquired SEM images within the
spots (~1 mm in width) used for the contact angle
measurements.

Data processing

SEM images were processed using Fiji software.”® Statistical
analysis was done using Excel (Microsoft, USA) and OriginPro
(OriginLab Corporation, USA). The qualitative results are pre-
sented as mean + standard deviation. The energies were
calculated using a python script (Python 3.7.9).

Results

The SEM images of the solution-cast films and electrospun
mats made of nylon-11 are shown in Fig. 2 (A and B, respec-
tively). The solution-cast film exhibited a spherulitic structure
with a typical spherulite size of 7.2 £ 2.1 um. The electrospun
mat exhibited the typical fibrous morphology, with the mean
diameter of the fibers of 280 & 113 nm. The contact angles (CA)
of the films and mats were ¢; = 90 + 2° and 6,, = 126 + 3°,
respectively (Fig. 2C). The CA of the nylon-11 film was in
perfect agreement with the previous data (89°, according to
ref. 24).

We prepared “gradient” samples with the variable surface
density of the electrospun fibers on aluminium foil. Some SEM
images are shown in Fig. 3; the others are available on demand.
At the periphery of the sample, the surface coverage was low,
and a major part of the SEM image showed the aluminium
substrate. When we moved from the periphery of the central
part of the sample, the surface coverage increased. However, the
fiber diameter was roughly the same, typically in the range from
175 to 275 nm (see ESIf for the details).

We used SEM images to estimate the maximum thickness of
the gradient samples. We regarded the overlapping fibers as
layers and estimated the maximum number of these layers as
15, so the thickness 4 can be estimated as 4 = 4 um. This was far
smaller than the thickness of the free-standing electrospun
mats (70-90 pm).

We traced the influence of the surface coverage on the
contact angle (Fig. 4). Each point in this graph was obtained by
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Fig.2 The properties of the studied solution-cast films and electrospun mats. The SEM images of a film (A) and a mat (B), scale bar 10 um for both

images. (C) The contact angles of the films and mats.
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Fig.3 SEMimages of individual points from the “gradient” nylon-11 samples. The numbers indicate the surface coverage and the contact angle.

The scale bar is 10 pm, the same for all the images.
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Fig. 4 The influence of the surface coverage on the contact angle.

a two-stage experiment: first, placing a drop onto the surface for
the contact angle measurement and, second, SEM measure-
ments of the surface coverage (this step included drying of the
sample and depositing a metal layer onto the surface). The
colours of points in Fig. 4 correspond to the three independent
repeats of the experiment - the gradient sample was prepared
three times according to the same procedure.

At coverage below ~20%, the contact angle increased linearly
with the coverage. However, at ~20% coverage, the contact
angle reached its maximum (equilibrium) value of 124 + 7°,
which perfectly matched the 126 + 2° contact angle observed on
the surface of a free-standing nylon-11 mat. We interpreted this
transition as the moment when the “supported fibers” became
a mat. This two-stage dependence is the key conclusion of the
current work.

It can be qualitatively explained as follows. When we place
a water drop onto the sample, the bottom part of the drop can
interact with one of the three substances: aluminium, nylon-11,
or air. As we increase the surface coverage by adding fibers to

© 2021 The Author(s). Published by the Royal Society of Chemistry

the surface, we decrease the water-aluminium contact proba-
bility. At approximately 17-20% coverage, the water-aluminium
contact becomes improbable and negligible, so the sample
behaves as a free-standing nylon-11 mat.

Discussion
Measurements of the CA of electrospun samples

The experiment described above allowed us to trace the relation
between the fraction of the substrate occupied by the fibers and
the CA. The typical diameter of the gradient samples was ~200
mm, with a region of bare substrate at the edge. The examined
points were located at a distance of at least dyacro = 7 mm from
each other. The typical lateral size of the water drop was dgrop ~
1 mm < dmaero. We estimated the maximum gradient of the
surface coverage as 1% per 1 mm, so within a single experi-
mental point (the contact area between a single water drop and
the substrate), the surface coverage can be regarded as constant.

The size of the SEM frame was in the range from 16.5 um X
12.4 pm (at x10 000 magnification) to 110.4 pm x 82.8 pm (the
%1500 magnification). In the whole indicated range, the typical
frame size was smaller than the drop size dqyop, S0 We captured
several frames to estimate the surface coverage.

The meaning of the error bars in Fig. 4 is worth an expla-
nation. Each vertical error bar was calculated as the standard
deviation over N = 60 measurements recorded during 1 minute
of observation. Each horizontal error bar was obtained as the
standard deviation of at least four surface coverage values
calculated as described in the ESIL{ The variations in local
surface coverage were more significant than the variations of
the contact angles.

SEM imaging of polymer samples requires coating them with
a thin metal layer. In our experiments, we carried out the CA
measurements prior to SEM imaging because we did not want
the metal coating to influence the CA. We implied that the

RSC Adv, 2021, 1, 1373-11379 | 11375
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fibers' diameters and the sample's overall morphology
remained intact after the CA measurement. This assumption
seems reasonable since nylon-11 demonstrates low swelling in
water; the typical swelling in ambient humidity is typically
0.245 wt% (ref. 25); nylon-11 - based films can be used as
barriers for water.>®

Electrospun mats usually retain residual electrostatic charge
after manufacturing.”’** The charge facilitates the wetting of
the sample surface with water, regardless of the charge sign.** In
our experiments, we neglected the charge-related effects for two
reasons. First, the typical time between the sample preparation
and CA measurement was 1-2 weeks, which is usually enough to
eliminate the residual charge.”® Second, the aluminium
substrate used for the gradient samples facilitated the charge
removal.

The relation between the substrate coverage and the CA was
previously examined for the nylon-6 fibers.** The variation of the
surface coverage was achieved by varying the electrospinning
time; the fibers were deposited onto a polymer-coated glass
slide. In contrast with the current study, the authors of ref. 31
did not observe the transition from the monotonous growth to
a plateau.

The CA of poly(methyl methacrylate) electrospun mats were
found to be independent of the thickness of the mat.> This
result does not contradict the data presented above because it
was obtained for the mats with a thickness between 35 and 134
pm, far larger than the thickness of our gradient sample (7 < 4
pm). Even at the left point of this range, the mats were macro-
scopic, and the surface coverage was relatively large (45.20 +
15.55%). In the context of our experiments, it means that the
samples described in ref. 2 were at the plateau of the graph
shown in Fig. 4.

Theoretical considerations

Let us regard a one-dimensional system that consists of infinite
fibers located near a flat surface (Fig. 5 A). Placement of the
fibers at a distance above the surface accounted for the growth
of the mat thickness - as the mat thickness increased, the top

fibers
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layer position shifted upward from the substrate. The height of
the water drop (typically ~1 mm) is small, so we can neglect the
gravity.>>* It is a common assumption used for the analysis of
the interaction between a liquid and fibers.'* %3

We can assess two possible states of the drop. First, if the
fibers are sparse and hydrophilic, the drop penetrates between
them and touches the substrate (Fig. 5 B). This “full spreading”
state is likely to emerge at low surface coverage. Second, if the
fibers are dense and hydrophobic, they do not let the drop touch
the substrate (Fig. 5C). Both states can be described using the
central angle ¢, which relates to the CA of the sample 6:

@
0:71:—5 (1)

We calculated the energies of the two cases (Fig. 5B and C) as
described in the ESIf and minimized them using a Python
script to determine the equilibrium angle ¢ and the corre-
sponding energy. The model relies on the five surface energies
of the contacts within the system: water-air, water-substrate,
water-nylon, substrate-air, and nylon-air. The calculations
were carried out for different values of the distance d, which
accounted for the variations of coverage. If we neglect the
overlapping of the fibers, the 2r/d ratio is equal to the surface
coverage measured using SEM.

If the drop is in the “full spreading” state, the CA should
increase linearly with coverage, as shown in Fig. 6A (blue dots).
This can explain the growth of the CA observed experimentally
at low coverage (Fig. 4).

However, as the surface density of the fibers increases, we
should come to the “non-contact” state (Fig. 5C). If the bottom
part of the drop is considered flat (Fig. 5 D), we can determine
the angle « between the bottom part of the drop and a single
fiber as the CA at a curved surface (the CA of the film is 6):*>*

Oé:TC—af [2)

In this case, we can use the classical Cassie-Baxter model,'®*
which describes the contact between a liquid drop and a two-

Fig. 5 Schematic presentation of the model water drop on top of the parallel fibers. (A) The overall scheme, (B) the “full spreading” case, (C) the
“non-contact” (Cassie—Baxter case). (D), (E), and (F) show different shapes of the water meniscus between the adjacent fibers.
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Fig. 6 The contact angles (A) and the energies (B) calculated by the energy minimization for the “non-contact” and the “full spreading” cases
(green and blue, respectively). The angles calculated using the Cassie—Baxter formula are shown in red (A). The “full spreading” state was analyzed

at a 300 nm gap.

phase substrate (in our case, the two phases are nylon-11 and
air). When this model is applied to a set of parallel fibers,***2°
the contact angle fcp can be calculated as

2r

2r .
cos Ocg = = (1 — b;)cos b + L sin 0 — 1

d

The CA of the film 6; is often referred to as Young's contact
angle-1,18,19,36

Based on this relation, we can expect that the observed
contact angle fcp should decrease as the coverage increases
(Fig. 6A, the red and green markers). A deviation of the experi-
mental CA values from the ones calculates using the Cassie-
Baxter model was observed previously for the electrospun mats
made of nylon-6.*!

The system switches from the “non-contact” state to the “full
spreading” state if the drop penetrates the pores and touches
the substrate. However, if the bottom part of the drop is flat
(Fig. 5 D), it will not allow the formation of the contact between
water and the foil substrate. Indeed, the water level is always
higher than the bottom plane of the fibers, so the water does not
touch the surface even if the distance d between the fibers is
macroscopically large. To make the model more realistic, we
can assume that the water surface between the fibers has a fixed
curvature radius (Fig. 5 E), which is equal to the macroscopic
drop radius R. In this case, the angle « is not fixed; it can be
varied to minimize the system energy. The change from the flat
surface to the curved one slightly increases the contribution of
the lower part of the drop into the total system energy. However,
energy estimation shows that this contribution is still small,
and it is typically accompanied by a less than 1% relative change
in the CA.

We can estimate the minimum distance between the fibers,
which will allow the drop to penetrate down to the bottom plane
of the fibers (Fig. 5F). Using the geometrical constraints, we get

r 2
degic = 2r sin a + 2Ry /1 — (17 §(1+cos a)) (4)

where r is the fiber radius, and the angle « = ® — 6. If we
assume r = 100 nm, R = 1 mm, and ¢ = 90°, we get d s = 28

© 2021 The Author(s). Published by the Royal Society of Chemistry

um. If the surface coverage is low, and the distance between the
fibers is larger than the critical value d > d., the drop easily
penetrates between them. However, at low d < d., the drop
does not penetrate below the top layer of the fibers. Similar
critical behaviour was previously described for several
systems.**” This can explain the plateau observed in Fig. 4 at
high coverage and the deviation from the Cassie-Baxter model.
When we use SEM to estimate the size of the pores, we cannot
distinguish between the pores in the outmost layer and the
deeper ones. It seems that at the threshold coverage of 17-20%,
the typical pore size in the outmost layer becomes so small that
the fibers do not let the drop get into the deeper layers. In other
words, as we increase the surface coverage, we go from d > di
down to d < di.. The coverage calculated based on the SEM
images becomes different from the “contact” coverage, which
determines the actual drop behaviour. The critical pore size d.;
is overestimated since at 17-20% coverage, we observed pores
with the mean size of 2.5 + 1.3 um (ESIt).

Thus, we can qualitatively explain the two different experi-
mental trends - the linear growth of the CA and plateau in
Fig. 4. However, the transition between the “full spreading” and
“non-contact” states cannot be explained by this deterministic
approach. From the energetical point of view, the “non-contact”
state should never be achieved because the energy of the “full
spreading” state is always lower (Fig. 6 B). The reason for this
inconsistency is the stochastic nature of the wetting process,***°
which is not captured by the deterministic models. For each
pore, water either penetrates through it or is pinned (Fig. 5 D-F)
at a certain probability. Further theoretical research is needed
to incorporate this probability into the wetting model for
a liquid drop on a non-woven material.

Besides, in the described models, we neglected several
aspects of the interaction between the water drop and the fibers.
First, we neglect the water vapor, which is captured in the pores
between the fibers.** Since the pore volume is low and the top
part of the pore is sealed by the water drop, we can expect a large
local humidity inside the pores. It will facilitate the condensa-
tion of a water film on the fibers’ surface and the transition from
the “non-contact” state to the “full spreading” one. Second, we
regard a two-dimensional system instead of a three-

RSC Adv, 2021, 1, 1373-11379 | 11377
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dimensional one, and this simplification allows us to capture
the phenomena only at a qualitative level. Finally, the
measurements of the pores using SEM are usually prone to
errors.”* These reasons can explain the large value of d
calculated above.

Conclusions

As we deposit electrospun fibers onto a substrate, they form
a mesh with a gradually increasing thickness and decreasing
pore size. In our experiments with nylon-11, we observed
a change in the samples' wetting behaviour when the surface
coverage achieved ~17-20%, and the pore size decreased down
to 2.5 + 1.3 um. This change can be regarded as the transition
from a set of individual fibers to a mat. Further research is
needed to find the dependence of this threshold coverage on the
diameter of the fibers and their packing.

A deeper analysis shows that the surface coverage measured
using SEM seems overestimated if compared with the surface
coverage in the outmost layer of the mat. Estimating the exact
number of the fibers which contribute to the interaction with
the liquid is challenging. A possible approach to this problem
can use optical microscopy (confocal microscopy or one of its
far-field super-resolution modifications*?) to control the pene-
tration of the liquid into the pores.*® Hopefully, with this setup,
one can estimate the penetration of the drop into the mat and
verify the applicability of certain theoretical models.

The results obtained in the current study can be used to
prepare hydrophobic coatings on household goods, personal
protective equipment, and other applications. Indeed, we
demonstrate that relatively low surface coverage is enough to
ensure surface hydrophobicity. This result can help us to
prepare hydrophobic coatings made of stable constructional
polymers, such as polypropylene or poly(ether ether ketone).
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