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RESEARCH ARTICLE

Development and characterization of lanolin incorporated electrospun
nanofibers for nursing pads

C. Akdumana , E. P. Akcakoca Kumbasarb and I. Ozguneyc

aDepartment of Textile Technology, Denizli Vocational School of Technical Sciences, Pamukkale University, Denizli, Turkey; bTextile
Engineering, Ege University, Izmir, Turkey; cDepartment of Pharmaceutical Technology, Faculty of Pharmacy, Ege University, Izmir, Turkey

ABSTRACT
In this study, to combine the biological properties of lanolin and the advantages of electrospun nano-
fiber mats for developing a potent topical wound dressing/nursing pads that includes lanolin, lanolin
incorporated electrospun cellulose acetate (CA), polyethylene oxide (PEO), polyethylene oxide/chitosan
(PEO/chitosan) and thermoplastic polyurethane (TPU) nanofibers were developed and characterized.
Surface tension, viscosity and conductivity measurements of each polymer solution were carried out in
order to characterize the spinning solutions. Lanolin addition did not affect the conductivity values
but increase the viscosity of each spinning solution. According to the SEM images, smooth nanofiber
surfaces were produced which could be appropriate for a top layer of a nursing pad. Slightly attached,
thicker nanofibers could be seen from the TPU/Lanolin images. Similar to TPU nanofibers, CA nanofib-
ers were smoother and thinner than CA/Lanolin nanofibers. Lanolin effected the uniformity of the PEO
nanofibers, but it could be said that homogeneous distribution of lanolin was achieved.
Characterization of these nanofiber membranes were also carried out with FTIR, DSC, swelling and
weight loss analysis. Since TPU nanofibers were hydrophobic and the addition of lanolin made the
nanofiber more hydrophobic, they did not show high swelling ratios. CA nanofibers swelled 610% due
to their relatively hydrophilic nature and bulky structure. PEO nanofibers were totally dissolved in the
water, a very thin layer remained for PEO-Chitosan/lanolin nanofibers. So, using electrospun CA and
TPU nanofiber membranes for a nursing pad upper layer could be suitable. CA/lanolin nanofibers
showed better hydrophilicity and swelling when compared to TPU nanofibers. On the other hand, TPU
nanofibers are more elastic and durable with lower swelling.
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1. Introduction

The use of electrospun nanofibers for the development of
innovative topical medical materials is of great interest due
to their smooth surface, softness, porosity and high surface-
to-volume ratios (Çay et al., 2017; Miguel et al., 2019).
Nanofibers has the ability to carry therapeutics such as anti-
microbial agents and wound healing enhancers (Aramwit,
2016). Thus, they are considered as potential candidates for
biomedical applications such as drug delivery, scaffolding,
wound applications. Cell attachment and proliferation are
the important factors in wound healing. With high surface
area and microporous structure, the nanofiber membranes
could quickly start signaling pathway and attract fibroblasts
to the derma layer (Chen et al., 2008) that enhance the
wound healing. Collagen (Rath et al., 2016; Rho et al.,
2006), poly(lactide-co-glycolide), poly(e-caprolactone), poly(-
ethyleneglycol) (Choi et al., 2008), chitosan (Zarghami et al.,
2015; Zhang et al., 2019), polyvinyl alcohol (Zhang et al.,
2019), cellulose acetate (Elsayed et al., 2020; Lee & Lee,
2020; Liu et al., 2020), polyurethane (Sofi et al., 2019), com-
posite thermoplastic polyurethane (Kim et al., 2016; Mistry

et al., 2021; Samimi Gharaie et al.,2018), chitosan/polyethyl-
ene oxide nanofibers (Kalalinia et al., 2021) are commonly
studied nanofibers for wound applications. Some active
agents such as antibiotics (Kalalinia et al., 2021; Katti et al.,
2004), silver nanoparticles (Rath et al., 2016), natural
extracts-derived products (Kharat et al., 2021; Lee & Lee,
2020; Liu et al., 2020; Sofi et al., 2019) and the molecules
capable of enhancing the healing process such as growth
factors (Choi et al., 2008), vitamins (Fathi-Azarbayjani et al.,
2010; Taepaiboon et al., 2007), and anti-inflammatory agents
(Akduman et al., 2016, 2018; Kenawy et al., 2007; Shi et al.,
2013; Taepaiboon et al., 2006) could be loaded to polymeric
nanofibers for wound healing purposes.

Lanolin is an animal wax, devoid of glycerides, which is
secreted from the sheep and other animals and has long
been recognized as an effective moisturizer for the skin.
About 2 to 3mg cm�2 of lanolin is readily absorbed by the
stratum corneum with no residual surface film (Clark,
1992). It mainly consists of mono-, di-, and poly-hydroxyl
esters of sterols, trimethyl, triterpene alcohols, aliphatic
alcohols (C14–C37), and free hydrocarbons. The
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biocompatibility of lanolin has been attributed to its similar
chemical nature as that of human sebum (Sagiri et al.,
2013). Lanolin creates an air-permeable temporary barrier
and promotes moist wound healing when applied to injured
skin. It is proven to have anti-inflammatory, antimicrobial,
skin-protecting and barrier repair properties (Abou-Dakn
et al., 2011; Harris & Hoppe, 2006).

The use of lanolin as a nipple treatment has been nor-
malized by retail marketing and healthcare providers (Sasaki
et al., 2014). Nipple pain and/or trauma associated with
breastfeeding are common, and are cited as one of the main
reasons for early cessation of breastfeeding in the early post-
partum period (Abou-Dakn et al., 2011; Harris & Hoppe,
2006; Sasaki et al., 2014; Tait, 2000). A variety of interven-
tions have been used to either treat or prevent nipple pain.
These include topical creams, solutions or sprays which may
include lanolin as an active substance. Various brands of
lanolin nipple cream are sold at retailers and dispensed by
healthcare personnel for breastfeeding mothers as a treat-
ment for sore and cracked nipples. A pea-sized amount of
lanolin is applied after each feeding to soothe and protect
sore, dry, and cracked nipples. However, one of the main
disadvantages is that, after each application, most of the lan-
olin is absorbed by either a nonwoven disposable nursing
pad or a vest or a bra. This causes the sticking of the nip-
ples to the material in contact, which resulted more pain.

Nanofiber mats prepared by the electrospinning method
have unique properties. This study is the prime motivation
behind being a starting point of the development of electro-
spun nanofibers functionalized by lanolin for potential
applications in cracked nipples treatments since lanolin
incorporation into nanofibers as an upper layer would alter
the properties and utility of the nursing pads. Lanolin incor-
porated nanofiber mats prepared by the electrospinning
method will deliver the lanolin to the cracked nipples, will
provide smooth and soft high specific surface area and high
porosity with fine pores which will also lead to improved
wicking properties. Nanofiber surface would also prevent
the sticking of the nipples to the surface of the nursing pad
because of the smoother surface. These properties make lan-
olin incorporated nanofibers as a potential layer for dispos-
able nursing pads. In the contrary to traditional lanolin
creams which are needed to be applicated several times dur-
ing the day, it is expected that lanolin incorporated nano-
fiber mats that could be placed in the center of a nursing
pad, will promote the wound healing. The design and pro-
duction of lanolin incorporated nanofiber-based materials
produced by electrospinning is of interest for use in innova-
tive topical applications.

In this paper the results of the development of lanolin
incorporated electrospun cellulose acetate (CA), poly(ethyl-
ene oxide) (PEO), polyethylene oxide/chitosan (PEO/
Chitosan) and thermoplastic polyurethane (TPU) nanofibers
were given. CA is a derivative of the naturally occurring
raw material and is an alternative to synthetic polymers pro-
duced from petroleum (Nicosia et al., 2016). CA nanofibers
could be utilized for various applications ranging from affin-
ity membranes (Ma et al., 2005) to tissue engineering (Liu

et al., 2012; Luo et al., 2013) and sensors (Hu et al., 2017).
CA was chosen because of its high hydrophilicity, good
liquid permeability and water absorption capacity (Nicosia
et al., 2016; Zhou et al., 2011). CA is also stable to water
and has good solubility in organic solvents (Zhou et al.,
Omollo et al., 2016). PEO is one of the major classes of syn-
thetic polymer hydrogels. It has been approved by the Food
and Drug Administration for several medical applications
(Kumar & Erothu, 2017). PEO was chosen because of its
biocompatibility, low toxicity and high hydrophilicity.
Besides, chitosan has a number of potential commercial and
biomedical uses including bandages to reduce bleeding and
as an antibacterial agent (Kumar & Erothu, 2017). It can be
used to help deliver drugs through the skin in medical
applications (Silva et al., 2008). TPU was also chosen
because of its good biocompatibility, high mechanical prop-
erties and easy electrospinability (Çay et al., 2015). Its bio-
compatibility, nontoxicity, toughness and functionality have
led to the widespread use of TPU in implantable devices
(vascular grafts, pacemaker leads, blood bags, bladders and
artificial heart valves) and medical applications (Gupta &
Edwards, 2009; Huynh et al., 2010; Zdrahala & Zdrahala,
1999). In addition, it is possible to obtain smooth and fine
nanofibers from CA, PEO, PEO/Chitosan and CA via elec-
trospinning. To the best of our knowledge, the electrospin-
ning of Lanolin incorporated nanofibers has not yet been
investigated before. All these four polymers were selected
because of their biocompatibility and after swelling and
weight loss studies, it would be possible to evaluate which
combination will be more suitable for a nursing pad layer
and for cell biocompatibility assessment. This is the first
study about lanolin loaded nanofibers and clearly defines
the production of four lanolin loaded nanofibers. Thus, the
main objective of the present study is to develop and char-
acterize novel electrospun nanofibrous materials containing
lanolin. Furthermore, surface tension, viscosity and conduct-
ivity measurements of each polymer solutions were carried
out in order to characterize the spinning solutions. The sur-
face morphology of electrospun lanolin incorporated CA,
TPU and PEO nanofibers were investigated by SEM imag-
ing. Characterization of these nanofiber membranes were
carried out with FTIR, DSC, swelling, weight loss analysis.

2. Experimental

2.1. Materials

The TPU (Pellethane 2103-80AE) used in this study is based
on 4,4-methylene bisphenylene isocyanate, polytetramethyle-
neoxide and 1,4 butanediol, and was provided from Velox
(Lubrizol Advanced Materials). PEO (Polyox WSR N750) is a
trademark of Dow Chemical Company, with approximate
molecular weight of 300,000. It was provided Hifyber as a gift.
CA with number average molecular weight of �30,000 g/mol
and acetylation degree of 39.8 wt. % and 75–85% deacetylated
Chitosan with medium molecular weight were purchased
from Sigma Aldrich Chemical Company. Lanolin, acetone,
dimethylacetamide (DMAc), N,Ndimethylformamide (DMF),
chloroform, tetraethylammonium bromide (TEAB) and
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Triton X-100 were also purchased from Sigma Aldrich
Chemical Company.

2.2. The preparation of neat and lanolin incorporated
electrospinning solutions

Neat TPU, CA, PEO and PEO-Chitosan solutions were pre-
pared according to Table 1. Then 30%wt. lanolin, based on
polymer weight was added to each electrospinning solution.
Detailed preparations were given below.

Neat TPU solution was prepared by dissolving TPU
granules in the concentration of %8.5 (w/w) in DMF at
room temperature. Solution was stirred with a magnetic stir-
rer for 12 h. For the preparation of TPU/Lanolin solution,
first lanolin was dissolved in chloroform, and this lanolin
solution was added to the 10% (w/w) TPU solution and
stirred for further 2 h. Final TPU and TPU/Lanolin solu-
tions’ TPU concentration was both �8.5% (w/w). CA solu-
tion was prepared by dissolving CA powder in the
concentration of 16% w/v in acetone/DMAc in the volume
ratio of 2:1 at 50 �C and stirred for 3 h. For the preparation
of CA/Lanolin solution, the 16% (w/w) CA solution was dir-
ectly added on the weighed amount of lanolin and stirred
for further 2 h with a magnetic stirrer. PEO solution was
prepared by dissolving PEO powder in the concentration of
8% w/w in distilled water and stirred for 2 h at 50 �C than
cooled down to the room temperature and stirred further
2 h. For the preparation of PEO/Lanolin solution, first lan-
olin was dispersed in 50 �C of distilled water and PEO pow-
der was added to this lanolin dispersed solution and stirred
for 2 h at 50 �C and cooled down to the room temperature
again. To prepare PEO-Chitosan solution, 5 g PEO solution
(8% w/w), 5 g chitosan solution (3% w/w) and additional 5 g
acetic acid (50% v/v) were mixed to prepare PEO/chitosan
solution. 0.275 g non-ionic surfactant Triton X-100
(Bhattarai et al., 2005) and organic salt TAEB (Akduman
et al., 2018; Topuz et al., 2021) were added to the PEO-
Chitosan solution for better spinnability. For PEO-Chitosan/
Lanolin solution lanolin was dissolved in acetic acid (50% v/
v) and added into the PEO-Chitosan solution mixture. Final
polymer concentrations, lanolin percentages, polymer and
lanolin amounts, solvent type and solvent amount of each
polymer were given in Table 1.

2.3. Electrospinning of neat and lanolin
incorporated nanofibers

Electrospinning of the polymer solutions was carried out by
a set-up consisting a flat tip stainless steel needle, grounded
rotating metal drum collector and a high voltage supply.
TPU, CA, PEO and PEO-chitosan solutions were electro-
spun at voltages of 13, 15, 15, 15 kV and tip-to-collector dis-
tances of 18, 15, 15, 15 cm, respectively. Feeding rates of
0.4–0.5ml/h were used for all solutions. 90 mesh plain
woven monofilament 100% polyester fabric was used as a
deposition material for easy separation of nanofibers

2.4. Characterization

2.4.1. Characterization of electrospinning solutions
Viscosity of the solutions was measured by using Brookfield
DV-III Rheometer with a spindle type SC4-21 at 30 rpm.
Surface tension measurement was carried out by Kr€uss Easy
Dyne Analyser by Plate Method. Conductivity measurement
was carried out using J.P. Selecta Conductivity meter,
CD-2004.

2.4.2. SEM analysis
The morphologies of TPU, TPU/Lanolin, CA, CA/Lanolin,
PEO and PEO/Lanolin nanofibers before and after wetting
and drying were characterized using scanning electron
microscopy (SEM, Phenom G2pro). Each sample was sput-
tered by Quorum Q150R S ion sputtering device with a thin
layer of gold prior to SEM observation. The mean diameter
of the nanofibers was calculated from the measurements on
SEM images of 5000� magnification by using Image J pro-
gram. Approximately fifty measurements were carried out
from different parts of each sample.

2.4.3. FT-IR analysis
Fourier transform infrared spectroscopy (FT-IR) analyses
were carried out with Perkin Elmer FT-IR spectrometer for
TPU, TPU/Lanolin, CA, CA/Lanolin, PEO and PEO/Lanolin
nanofibers and lanolin. Scans were obtained in a spectral
range from 650 to 4000 cm�1 with a resolution of 1 cm�1

for neat and lanolin incorporated nanofibers.

Table 1. Polymer concentration, solvents and Lanolin percentages.

Polymer
Concentration

Lanolin Percentage
w/wpolymer

Polymer
amount (g)

Lanolin
(g) Solvent Type

Solvent amount
for each polymer (g)

TPU �8.5% (w/w) 3 g DMF 32 g
TPU/Lanolin �8.5% (w/w) 30% 3 g 0.9 DMF/Chloroform 27 g/5 g
CA 16% (w/w) 6.4 g Acetone/DMAc 22.4g/11.2g
CA/Lanolin 16% (w/w) 30% 6.4 g 1.92 Acetone/DMAc 22.4g/11.2g
PEO 8% (w/w) 3.2 g distilled water 36.8 g
PEO/Lanolin 8% (w/w) 30% 3.2 g 0.96 distilled water 36.8 g
PEO-Chitosan �2.67% w/w PEO-

%1 w/w Chitosan
0.4 g PEO-

0.15 g Chitosan
%50 Acetic Acid 4.6 g-

4.85 g-
5g

PEO-Chitosan /Lanolin �2.67% w/w PEO-
1% w/w Chitosan

30% 0.4 g PEO-
0.15 g Chitosan

0.165 %50 Acetic Acid 4.6 g-
4.85 g-
5 g

(Note: Total polymer solution amounts were; 35 g for TPU and TPU/Lanolin, 40 g for CA and CA/Lanolin, 40 g for PEO and PEO/Lanolin and 15 g for PEO-
Chitosan and PEO-Chitosan/Lanolin solutions).
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2.4.4. Thermal properties of nanofibrous mats
Thermal behaviors of neat and lanolin incorporated nano-
fibers were investigated by differential scanning calorimetry
(DSC) (TA Instrument, Q10 DSC instrument). Neat and
lanolin incorporated nanofibers were sealed in alumina pan
and heated under a continuous nitrogen purge at the rate of
50ml/min, samples were scanned at a heating rate of 10 �C/
min between 0 and 350 �C (Taepaiboon et al., 2006; TA
Instrument, Model DSC Q10).

2.4.5. Swelling and weight loss
The percentage of swelling and weight loss of the TPU,
TPU/Lanolin, CA, CA/Lanolin, PEO, PEO/Lanolin, PEO-
Chitosan and PEO-Chitosan/Lanolin nanofiber mats were
measured upon exposure in distilled water. The samples
were removed from the medium after 24 h and carefully
blotted with tissue paper to remove excess water from the
surface. The weight changes due to the water uptake deter-
mined, then the samples were dried at room temperature.
Degree of swelling and weight loss were calculated accord-
ing to the following equations:

Degree of swelling %ð Þ ¼ M�Md

Md
x 100 (1)

and

Weight loss %ð Þ ¼ Mi�Md

Mi
x 100 (2)

where M is the weight of each nanofiber mat after immer-
sion in distilled water (wet weight) for 24 h, Md is the
weight of the sample in dried state (dried weight), Mi is the
initial weight of the sample (Akduman et al., 2018; €Ozg€uney
et al., 2009).

3. Results and discussion

Processing parameters and polymer solution properties such
as applied voltage, polymer feeding rate, tip to needle dis-
tance, surface tension, solution viscosity and conductivity
have an effect on resultant fiber morphology. Surface ten-
sion, solution viscosity and conductivity results of neat and
lanolin loaded polymer solutions were compared and given
in Table 2. The charges on the polymer solution should
overcome the viscosity and surface tension of the polymer
solution to form an electrospinning jet. Surface tension is
generally considered the change in surface free energy per
unit increase in surface area (Ramakrishna et al., 2005). Due
to the strong intermolecular hydrogen bonding, water has
high surface tension about 72.8mN/m at room temperature
(Huang et al., 2011). When PEO was added to the water,
the intermolecular forces became weaker (Kim, 1997) and
decreased the surface tension to 53.1mN/m. Additionally,
because of the hydrophobic behavior and high surface activ-
ity of lanolin (Harris & Hoppe, 2006), lanolin addition
decreased the surface tension of PEO/lanolin solution to
40.6mN/m. Furthermore, preparing the solution in acetic
acid and adding chitosan decreased the surface tension of
the solution to 36.3mN/m. In case of TPU/Lanolin and CA/

Lanolin solutions, lanolin was dissolved in chloroform and
in acetone/DMAc, respectively. Dissolved lanolin in chloro-
form and in acetone/DMAc system did not change the
intermolecular forces and did not significantly affect the
surface tension of the TPU/Lanolin and CA/Lanolin solu-
tions and surface tensions were 37.5 and 30.4mN/m,
respectively.

Another important parameter for electrospinning is the
conductivity of the polymer solution. In order to initiate the
electrospinning process, applied electrostatic force should be
higher than the surface tension of the solution. Thus, a
high-power supply is applied to the polymer solution to
provide sufficient charges that are able to overcome the sur-
face tension and stretch the solution (Ramakrishna et al.,
2005). A minimal electrical conductivity in the solution is
therefore essential for electrospinning (Andrady, 2008) and
it is determined by the potential for bulk motion of ions in
the solution (Stanger et al., 2005). However, one of the
other most important electrospinning parameters is related
to the extent of chain overlap and entanglement of polymer
chains in solution, so electrospinning can occur with moder-
ately concentrated solutions, as the process of jet formation
relies on the entanglement (Andrady, 2008). Therefore, even
very low conductivities were in case such as TPU, TPU/
Lanolin, CA and CA/Lanolin solutions, smooth and fine
nanofibers were able to produced. Besides, since lanolin did
not have an ionic character, lanolin addition did not change
the conductivity values. PEO is a non-ionic polymer and
Angammana and Jayaram (2011) measured 7.68 lS/mm for
5% (w/w) PEO/water solution and with the addition of 2.5 g
of salt, conductivity of the PEO solutions increased up to
300 times of initial measurement (2011). But PEO that we
used was a commercial product and it might have some
impurities, therefore, conductivity values of PEO and PEO/
Lanolin solutions were measured 132.0 and 129.1 lS/cm,
respectively. On the other hand, PEO-Chitosan solution
conductivity was measured 1291 lS/cm. The presence of
acetic acid as a solvent and the addition of TAEB signifi-
cantly increased the conductivity of the solution (Akduman,
2019; Topuz et al., 2021).

Despite the high conductivity and the relatively low sur-
face tension of PEO-Chitosan solution, medium molecular
weight of chitosan which causes the high viscosity resulted
difficulty in electrospinning. Sufficient molecular weight of
the polymer is essential for electrospinning but polymer
solution should have appropriate viscosity. During electro-
spinning process, the polymer solution is stretched between

Table 2. Surface tension, conductivity and viscosity results of TPU, TPU/
Lanolin, CA, CA/Lanolin, PEO and PEO/Lanolin solutions.

Solution
Surface Tension

(mN/m)
Conductivity
(lS/cm)

Viscosity
(cP)

TPU 38.5 2.71 1100
TPU/Lanolin 37.5 2.17 1900
CA 28.8 6.0 700
CA/Lanolin 30.4 6.1 3800
PEO 53.1 132.0 1160
PEO/Lanolin 40.6 129.1 3000
PEO-Chitosan 36.3 1291 4040
PEO-Chitosan /Lanolin 37.9 1254 4400

4 C. AKDUMAN ET AL.



the tip and the collector (Ramakrishna et al., 2005) and the
entanglement of the polymer chains prevents jet break-up
and maintains continuous polymer jet that forms nanofib-
ers. The molecular weight of the polymer and the polymer
concentration have an effect on the viscosity which deter-
mine the amount of entanglement of the polymer chains in
the solvent. In this study, the viscosity of the 8.5% TPU,
16% CA, 8% PEO and 2.67/1% PEO-Chitosan solutions
were 1100, 700, 1160 and 4040 cP, respectively. Except PEO-
Chitosan solution all three-solution viscosity were appropri-
ate for electrospinning and smooth nanofibers were
obtained. However, chitosan polymer has a deacetylation
degree of 75–85% and it has a medium molecular weight.
Therefore, even with 1% w/w chitosan solution, very high
viscosity was obtained and that resulted in high viscosity of
PEO-Chitosan solution which was difficult to spin. When
the viscosity was too high, it was very hard to pump the
solution and the polymer solution often dried at the tip of
the needle and resulted in very low productivity.

In order to produce lanolin incorporated TPU nanofibers
first lanolin was dissolved in chloroform and added to the
TPU solution. Because of the waxy structure at room

temperature, the viscosity of the TPU/Lanolin solution
increased to 1900 cP. Lanolin was also soluble in acetone and
directly added to the CA solution but it again increased the
viscosity of the CA solution from 700 cP to 3800 cP. The
amount of lanolin in the CA/Lanolin solution was higher
because the percentage of lanolin was calculated on the poly-
mer weight and the amount of CA polymer was higher than
that of TPU. Therefore, the viscosity increase of the CA/
Lanolin solution was higher than the TPU/Lanolin solution.
Lanolin has a melting point of �38 �C and is insoluble in
water and acetic acid, thus PEO and PEO-Chitosan solutions
were heated to 40–45 �C and lanolin was directly dispersed in
these warm solutions. However, when they were cooled down
to the room temperature, solutions became more viscous.
Lanolin is a kind wax and solid at room temperature, it sig-
nificantly increased the viscosity of all polymer solution espe-
cially TPU, CA and PEO which also resulted in relatively
thicker nanofibers. Because of low polymer concentration
used for PEO-Chitosan solution, produced nanofibers were
thinner than TPU, CA and PEO nanofibers.

According to the visual assessments of SEM images,
smooth nanofiber surfaces were produced which could be

Figure 1. SEM images (5000x) a) TPU, b) TPU/Lanolin, c) CA, d) CA/Lanolin, e) PEO and f) PEO/Lanolin, g) PEO-Chitosan, h) PEO-Chitosan/Lanolin nanofibers.
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appropriate for a top layer of a nursing pad. The SEM
images of TPU, TPU/Lanolin, CA, CA/Lanolin, PEO and
PEO/Lanolin nanofibers were given in Figure 1. Slightly
attached, thicker nanofibers could be seen from the TPU/
Lanolin images (Figure 1b). Lanolin addition negatively
affected the smoothness of the TPU nanofibers. Similar to
TPU nanofibers, CA nanofibers were smoother and thinner
than CA/Lanolin nanofibers. From the 1000x images
(Supplementary file, Figure S1), more defects could be seen
for CA/Lanolin nanofibers. In case of PEO/Lanolin nanofib-
ers, lanolin effected the uniformity of the PEO nanofibers,
but it could be said that homogeneous distribution of lan-
olin was achieved. In Table 3, the mean diameters (nm), the
mean thickness (mm) and the mean weight (g/m2) results of
TPU, TPU/Lanolin, CA, CA/Lanolin, PEO and PEO/Lanolin
nanofibers were given. Related to the viscosity of the solu-
tions, lanolin addition significantly increased the nanofiber
diameters. TPU and TPU/lanolin nanofibers were produced
in the range of 397.73 and 599.13 nm, CA and CA/Lanolin
nanofibers were produced in the range of 319.56 and
424.01 nm and PEO and PEO/Lanolin nanofibers were pro-
duced in the range of 257.93 and 493.22 nm. In TPU nano-
fibers, lanolin did not significantly affect the thickness of
the mats however, for CA/Lanolin and PEO/Lanolin nano-
fibers, produced nanofiber mats were thicker than that of
CA and PEO nanofiber mats. The PEO-Chitosan solution
consisted of 2.67% PEO and 1% chitosan and produced
nanofiber diameters were about 184 nm. Since 30% lanolin
was added to each polymer solution on polymer weight,
PEO-Chitosan/Lanolin solution consisted relatively low lan-
olin amount which did not affect the nanofiber diameter
significantly. Due to the high productivity of the TPU and
CA nanofibers, produced mats had relatively high weight
than PEO and PEO-Chitosan nanofibers. Especially, because
of the spinning difficulty and low productivity of the PEO/
Chitosan solution, produced mat was about 7.0 g/m2 and
PEO-Chitosan/Lanolin was about 1.88 g/m2.

3.1. FTIR results

FTIR spectrums of neat and lanolin loaded TPU, CA, PEO
and PEO-Chitosan nanofibers were given in Figures 2–5,
respectively. Lanolin contains fatty esters (14–24%), sterols
and triterpene alcohol esters (45–65%), free alcohols
(6–20%), sterols (cholesterol, lanosterol) and terpenes

(4–5%) (Yılmaz et al., 2020). Hydroxylated fatty acids
(mainly hydroxy palmitate) are found either free or esteri-
fied. Fatty acid chains have from 14 up to 35 carbon atoms,
many of them having branched chains (iso or anteiso con-
formations). FTIR spectrum of lanolin showed a peak at
about 1736 cm�1 due to the stretch of carbonyl bond
(C¼O) of ester groups, a vibrating group of
aromatic�COOH at 1674 cm�1 that could be assigned to
m(C¼O), a peak at 1465 cm�1 of methylene d(CH2), a peak
at 1371 cm�1 of methyl ds(CH3) vibrations of aliphatic
hydrocarbons and a peak at 1174 cm�1 of C�O�C bonds (
Niculescu et al., 2015; Masae et al., 2014; Figure 2 ).

The TPU used in this study was the commercial
Pellethane 2103-80AE, which is based on 4,4-methylene
bisphenylene isocyanate, polytetramethyleneoxide and 1,4
butanediol. In Figure 2. key TPU peaks were observed at
approximately 1730 and 1703 cm�1 indicating the carbonyl
stretching of the urethane groups (McCarthy et al., 1997;
Tanzi et al., 1997; Wilhelm et al., 1998). At 1531 cm�1 the
N-H bending and C-N stretching (Huynh et al., 2010), at
1414 cm�1 the C-C benzene stretching, at approximately
1222 cm�1 the C-N stretching and at approximately
1105 cm�1 the ether absorbance was also observed
(McCarthy at al., 1997). The FTIR spectrum of TPU/Lanolin

Table 3. The mean diameters (nm), mean thickness (mm) and mean weight
(g/m2) results of TPU, TPU/Lanolin, CA, CA/Lanolin, PEO and PEO/Lanolin, PEO-
Chitosan, PEO-Chitosan/Lanolin nanofibers.

Nanofibers
Mean Nanofiber

Diameters (nm) ± SD
Mean Thickness
(mm) ± SD

Weight
(g/m2)

TPU 397.73 ± 86.71 0.19 ± 0.029 52.83
TPU/Lanolin 599.13 ± 169.74 0.20 ± 0.030 67.64
CA 319.56 ± 140.24 0.28 ± 0.023 85.67
CA/Lanolin 424.01 ± 241.15 0.46 ± 0.055 101.45
PEO 257.93 ± 64.69 0.04 ± 0.010 23.38
PEO/Lanolin 493.22 ± 128.60 0.07 ± 0.013 42.52
PEO-Chitosan 184.86 ± 60.76 0.02 ± 0.008 7.00
PEO-Chitosan/

Lanolin
181.88 ± 34.52 0.01 ± 0 1.88

Figure 2. FTIR spectrum of lanolin, TPU nanofibers, TPU/Lanolin nanofibers.

Figure 3. FTIR spectrum of lanolin, CA nanofibers ve CA/Lanolin nanofibers.
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nanofibers was similar to the spectrum of TPU nanofibers.
Characteristic peaks of TPU at 1730, 1703, 1531, 1222 and
1105 cm�1 could be seen.

FTIR spectrums of lanolin, CA and CA/Lanolin nanofib-
ers were given in Figure 3. Characteristics peaks of CA
nanofibers at 1743 cm�1 was attributed to the carbonyl
stretching (C¼O) (Ma at al., 2005; He, 2017), vibrations at
1450 cm�1 were attributed to O¼C–OR) (Ding et al.,
2004), the vibrational modes at 1366 cm�1 were attributed
to C–H deformations of the carbon chain of cellulose acet-
ate [64], peak at 1230 cm�1 to acetyl ester group
(�CH3–C¼O) (He, 2017), and 1110 cm�1 and 1029 cm�1

could be attributed ether groups (C–O–C) (De Moraes
et al., 2015; Ding et al., 2004). FTIR spectrum of CA/
Lanolin nanofibers was also similar to the CA nanofibers
but stretch of aromatic carbonyl bond�COOH carbonyl
m(C¼O) moved to the 1625 cm�1 at CA/Lanolin spectrum.
Peak at 1160 cm�1 of CA/Lanolin spectrum could be attrib-
uted to the ether groups (C�O�C).

The FTIR spectra of PEO nanofibers (Figure 4) showed
peaks at about 1456 and 1350 cm�1 and they were attributed
to the vibrations of –CH2– group and the bands at about
1098 and 962 cm�1 could be assigned to the asymmetric
stretching vibration of the C–O group (Ajao et al., 2010).
The presence of the crystalline PEO phase was confirmed by

the triplet peak of the C�O�C stretching vibration at
1145, 1098, and 1060 cm�1. Changes in the intensity, shape,
and position of the C�O�C stretching absorptions indi-
cated conformational structures change (Kriegel et al., 2008;
Yong et al., 2014). Characteristic peaks of Lanolin that were
carbonyl (C¼O) stretching of ester groups at 1736 cm�1

,

vibration of aromatic�COOH at 1674 cm�1, could be also
seen on PEO/Lanolin nanofibers’ spectrum.

For chitosan, bands at 1655 and 1550 cm�1 attributed to
the carbonyl C¼O–NHR or amide I band and the amine
–NH2 or amide II absorption band were expected, respect-
ively (Kriegel et al., 2008). However, the amount of chitosan
was very low in PEO-Chitosan nanofibers, thus these
expected peaks could hardly be seen at PEO-Chitosan/
Lanolin spectrum. Peaks belong to PEO nanofibers at 1456
and 1350 cm�1could be attributed to vibrations of –CH2–
group, at 962 cm�1 to asymmetric stretching vibration of
the C–O group and triplet peak of the C�O�C stretching
vibration of 1145, 1098, and 1060 cm�1 could be seen at
1136, 1091 and 1051 on PEO-Chitosan/lanolin spectrum
(Figure 5). Characteristic peaks of Lanolin that were car-
bonyl (C¼O) stretching of ester groups at 1736 cm�1,
vibration of aromatic�COOH at 1674 cm�1, were also pre-
sent on spectrum of PEO-Chitosan/Lanolin nanofibers.

3.2. DSC results

The purpose of DSC analysis is to find the melting behavior
of membranes under heat. Because these membranes can be
attached to the nursing pad by some kind of heat transfer
method and may also need to be sterilized, so the tempera-
ture of these processes can be decided according to the DSC
analysis. DSC curves of TPU and TPU/Lanolin nanofibers
were given in Figure 6. DSC curve of TPU nanofibers
showed two glass transition (Tg) at 60.99 and 133.67 �C and
these endothermic peaks were related to the soft and the
hard segments, respectively (Barick & Tripathy, 2010). DSC
curve of TPU/Lanolin nanofibers, in the given temperature
range, showed a melting at �45.30 �C depending on the
melting point of Lanolin and enthalpy belonged to this
melting is about 0.2145 J/kg. Similar to curve of TPU nano-
fibers, at 61.93 and 131.24 �C, two Tg could be seen. The

Figure 4. FTIR spectrum of Lanolin, PEO and PEO/Lanolin nanofibers.

Figure 5. FTIR spectrum of lanolin, PEO-Chitosan and PEO-chitosan/lan-
olin nanofibers.

Figure 6. DSC curves of TPU and TPU/Lanolin nanofibers.
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presence of lanolin, did not have a significant effect on the
Tg of TPU nanofibers.

The neat CA nanofibers exhibited two endothermic ther-
mal transitions, a low-temperature endotherm at 90.73 �C
(starting with 75, ending with 183 �C, and the energy
requirement was 92.5 J/g, peak temperature was 124.63 �C)
corresponding to the moisture loss (Beikzadeh et al., 2020;
Lee & Lee, 2020) coupled with the glass transition at
190.96 �C, and a high-temperature endotherm corresponding
to the melting range of the material was seen at 212.42 �C
with a peak temperature of 222.48 �C. It was reported that
the glass transition temperature of CA can be found in a
wide temperature range (De Moraes et al., 2015) depending
on the degree of acetylation of the polymer, and the melting
point of CA can vary depending on the polymerization
degree of the polymer (Tungprapa et al., 2007). These two
endothermic transitions were also seen in the DSC curves of
CA and CA/lanolin nanofibers that were given in Figure 7.
In case of CA/Lanolin nanofibers, another glass transition
was observed at 42.74 �C depending on the melting point of
lanolin (Figure 7). The aforementioned low-temperature-
endothermy which was observed around 90.73 �C due to
moisture loss of CA nanofibers (Tungprapa et al., 2007),
was decreased to 59.69 �C with a peak temperature of
108.22 �C in the presence of lanolin and the required energy
was decreased from 92.50 J/g to 80.98 J/g. The glass transi-
tion temperature (Tg) was 190.96 �C for CA nanofibers and

183.88 �C for CA/Lanolin fibers. The relatively high Tg indi-
cated the amount and the strength of intra- and intermo-
lecular interactions in the CA chain, while a decrease in Tg
means the mobility increase of the polymer (De Moraes
et al., 2015). In the presence of lanolin, the melting point
was not much changed, decreased from 212.42 �C to
209.51 �C with a peak temperature of 221.82 �C, the amount
of energy required for the process decreased from 9.811 to
6.108 J/g.

It was reported that, the melting point of the PEO poly-
mer was observed around 60.7–71.5 �C depending on the
molecular weight (Xu et al., 2012; Yong et al., 2014).
Besides, both melting point and enthalpy decreased due to
the decrease in the crystallinity of the nanofibers after elec-
trospinning. In the DSC curves of the PEO nanofibers
(Figure 8), the melting point at 57.9 with a melting peak at
68.2 �C could be seen which were consistent with literature.
Energy required for melting was 153.9 J/g. In the presence
of lanolin melting point was 57.6 �C with a melting peak at
65.91 �C, not much changed and the enthalpy decreased
from 153.9 J/g to 122.0 J/g. Since melting of the PEO started
from 36 �C, the melting endotherm of lanolin could hardly
be seen and was at 42.5 �C.

DSC curves of PEO-Chitosan and PEO-Chitosan/Lanolin
nanofibers were given in Figure 9. Most of the polysacchar-
ides, including chitosan, do not melt due to hydrogen bonds,
on the contrary, they decompose above a certain temperature.

Figure 7. DSC curves of CA and CA/Lanolin nanofibers.

Figure 8. DSC curves of PEO and PEO/Lanolin nanofibers.

Figure 9. DSC curves of PEO-Chitosan and PEO-Chitosan/Lanolin nanofibers.

Figure 10. Swelling and weight loss percentages of TPU, TPU/Lanolin, CA and
CA/Lanolin and PEO-Chitosan, PEO-Chitosan/Lanolin nanofibers.
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Therefore, instead of showing sharp transitions, DSC thermo-
grams show broad endotherms below the decomposition tem-
perature associated with the evaporation of their moisture
(Kriegel et al., 2008). The melting point of the carrier polymer
PEO, which was used to electrospin chitosan, was observed to
be lower than neat PEO nanofibers due to the interactions
between PEO and chitosan chains, which prevented the crys-
tallization of PEO (Kriegel et al., 2008). In the DSC curves of
the PEO-Chitosan nanofiber, the melting (Tm) was observed
at 44.25 �C, with a melting peak at 55.42 �C. In the DSC
curves of the PEO nanofibers were given in Figure 8, the Tm

was observed as 57.90 �C. The second endotherm, melting
was observed at 103.26 �C with a melting peak at 132.80 �C,
and an enthalpy of 79.11 J/g. In case of DSC curves of PEO-
Chitosan/Lanolin nanofibers, it was observed that the Tm
value of PEO did not change much, but its enthalpy decreased
(from 119.6 J/g to 90.26 J/g) due to crystallinity decrease
(Kriegel et al., 2008). It was seen that the second endotherm
was seen at 112.76 �C and its enthalpy decreased from
103.26 J/g to 59.17 J/g.

The swelling and weight loss results of TPU, TPU/Lanolin,
CA, CA/Lanolin and PEO-Chitosan, PEO-Chitosan/Lanolin
nanofibers were given in Figure 10. Each nanofiber sample
left in distilled water for 24 h. Then, they were carefully blot-
ted with tissue paper to remove excess water from the surface.
Since TPU nanofibers were not hydrophilic, they did not
show a high swelling ratio (264%). Swelling values were even
lower in the presence of lanolin (37%). CA nanofibers swelled
610% due to their relatively hydrophilic nature and bulky
structure. No significant change was observed in the presence
of lanolin and it was 625%. PEO nanofibers were totally dis-
solved in the water, so they were excluded from swelling and
weight loss analysis. Besides, in case of PEO-Chitosan fibers, a
very thin layer remained after 24 h, PEO part was completely
dissolved in the aqueous medium. Swelling ratios were 82
and 108% for PEO-Chitosan and PEO-Chitosan/lanolin

Figure 11. Prototype of a nursing pad with TPU/Lanolin nanofiber in the cen-
ter, a) before, b) after wetting.

Figure 12. SEM images of (5000x) a) TPU, b) TPU/Lanolin, c) CA, d) CA/Lanolin, e) PEO, f) PEO/Lanolin (g) PEO-Chitosan, h) PEO-Chitosan/Lanolin nanofibers after
being kept in distilled water for 24 h.
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nanofibers, respectively. Lanolin presence increased the swel-
ling ratio of PEO-chitosan/lanolin nanofibers.

When the weight loss ratios were compared, TPU nano-
fibers did not show a weight loss as expected, the weight
loss observed in CA nanofibers was very low, but, PEO-
Chitosan and PEO-Chitosan/Lanolin nanofibers lost 98% of
their weight. Therefore, it was concluded that nursing pad
design containing PEO nanofibers would not be suitable,
using electrospun CA and TPU nanofiber membranes for a
nursing pad upper layer could be suitable. CA/lanolin nano-
fibers showed better hydrophilicity and swelling when com-
pared to TPU nanofibers. On the other hand, TPU
nanofibers are more elastic and durable with lower swelling.
An example of a nursing pad centered with TPU/lanolin
nanofibers presented in Figure 11 could be suggested as a
prototype. In this protype, TPU/lanolin nanofibers can be
used as a nursing pad upper surface by using a more hydro-
philic layer surrounding the core TPU nanofiber to over-
come its low hydrophilicity.

TPU, TPU/Lanolin, CA, CA/Lanolin, PEO, PEO/Lanolin,
PEO-Chitosan and PEO-Chitosan/Lanolin nanofibers dried
after being kept in distilled water for 24 h. SEM images of
these nanofibers were given in Figure 12. TPU nanofibers
approached each other and formed lines due to wetting and
drying (Supplementary file, Figure S2), other parts did not
show significant change except for slight curling. In case of
lanolin loaded TPU nanofibers lanolin migrated to the sur-
face and accumulated there due to wetting and drying
(Supplementary file, Figure S2). When CA/Lanolin nanofib-
ers were examined, it was observed that lanolin migrated to
the surface, similar to TPU/Lanolin nanofibers and they pre-
served their nanofiber structure. However, the migration of
lanolin to the surface was not evaluated as a negative situ-
ation, and it was thought that the presence of lanolin on the
surface during the use of the nursing pad may be more
desirable and may positively affect nipple trauma. On the
other hand, since PEO nanofibers were not water resistant,
PEO and PEO/Lanolin nanofibers dissolved as soon as they
were placed in distilled water, therefore SEM images of
these fibers were not available. Only the chitosan parts
could be seen from the SEM images of the PEO-Chitosan
nanofibers, which remained very thin layer. In the SEM
images of PEO-Chitosan/Lanolin nanofibers, Lanolin resi-
dues and chitosan fibers could be seen. Due to the low fiber
diameter of chitosan nanofibers and the low electrospinning
efficiency, produced nanofiber surfaces were also very thin,
thus SEM images were not clear enough.

4. Conclusion

In this study, the general information about lanolin, nursing
pads and novel electrospun nanofiber mats for nursing pads
were summarized. As a potential component for nursing
pads, lanolin incorporated electrospun TPU, CA, PEO, and
PEO/chitosan nanofibers were developed and characterized.
Surface tension, conductivity and viscosity measurements
were carried out for each electrospinning solution.
According to the SEM images, smooth nanofiber surfaces

were produced which could be appropriate for a top layer
of a nursing pad. For same production period, due to the
high electrospinning productivity, polymer concentration
and the molecular weight of the TPU and CA, TPU and CA
nanofibers have the highest thickness and weight. Swelling
and weight loss studies showed that, PEO/Lanolin nanofib-
ers would not be suitable as a nursing pad layer because
produced mat totally dissolved. In case of PEO-Chitosan/
Lanolin nanofibers, produced mat was too thin and since
PEO part was dissolved, they did not meet the expected
absorbency level. TPU and TPU/Lanolin nanofibers mats
showed swelling percentages of �264% and �37%, respect-
ively and showed no weight loss. CA and CA/Lanolin nano-
fibers showed considerable high swelling percentages of
�610% and �625%, respectively because of more hydro-
philic structure and showed very little weight loss. Thus,
electrospun CA nanofiber membranes could be preferred
when better hydrophilicity and swelling are required.
Whenever more elastic and durable mats are required TPU
nanofiber mats could also be used with tolerable swelling.
For the future studies in vitro biocompatibility assessment
of lanolin incorporated CA and TPU nanofibers using L929
fibroblasts and HS2 human epithelial cells, the porosity
measurements, air and water vapor permeability assessment
of Lanolin incorporated TPU nanofibers were planned along
with the effect of lanolin amount and deposition time.
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mixtures on the morphology of electrospun thermoplastic polyur-
ethane nanofibres. Tekst Konfeksiyon, 25(1), 38–46.
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