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ABSTRACT: Use of electrospun fiber mats for tissue engineering applications has become increasingly prominent. One of the most
important polymers in research, poly(ε-caprolactone) (PCL), however, lacks biological performance, easy access to modifications and cellular
recognition sites. To improve these properties and to enable further modifications, PCL was blended with chitosan grafted with PCL (CS-g-PCL)
and subsequently processed via electrospinning. In this way, chitosanwas enriched at the fiber’s surface presenting cationic amino groups. The fiber
mats were analyzed by various techniques such as scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM), and X-ray
photoelectron spectroscopy (XPS). Furthermore, analyzing thermal properties and crystallinity, showed that an increased content of CS-g-PCL
in blend composition leads to a higher overall crystallinity in produced fiber mats. Blending CS-g-PCL into PCL significantly increased initial
cellular attachment and proliferation as well as cell vitality, while maintaining adequate mechanical properties, fiber diameter, and interstitial
volume. As proof of principle for easy access to further modification, fluorescently labeled alginate (Alg-FA) was attached to the fiber’s surface
and verified by CLSM. Hence, blending CS-g-PCL with PCL can overcome an inherent weakness of PCL and create bioactive implants for tissue
engineering applications. © 2019 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48650.
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INTRODUCTION

In the past decades electrospinning has become an established
technique to produce scaffolds for biomedical applications1,2 such as
tissue repair, wound dressings, controlled drug carriers and
implants.3–5 These electrospun constructs offer various advantages
such as a high surface area and are able to mimic the structure of
extracellular matrix (ECM). Due to its versatility and easy access to
modification of processing parameters, electrospinning can produce
scaffolds of various morphologies, fiber diameters, and porosity,
which are all critical parameters for a later application in vivo.2,4

Polycaprolactone (PCL) is a biodegradable and biocompatible poly-
ester, which shows adequate mechanical properties3,4,6 to be used as
a potential implant bridging complex tissue transitions such as

tendon to bone junctions.7 However, because of its hydrophobic
nature and its lack of natural cell recognition sites its use in bio-
medical applications is limited.8–10 Various approaches such as
plasma treatment,9 wet chemical modification10 or coating with
graft-copolymers, such as chitosan-graft-polycaprolactone (CS-g-
PCL),11 were developed to overcome these weaknesses. Blending of
PCL with other polymers offers an easy and economical alternative
to modification methods and treatments of already spun fibers.12

CS is a natural polymer produced from shrimps or fungi and is
known for its excellent biocompatibility.13 Furthermore, previous
studies highlighted its antibacterial and wound healing proper-
ties.14 Its use in tissue engineering applications, however, is lim-
ited, since chitosan itself is not only very hard to process by
electrospinning, mainly due to its insolubility in common organic
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solvents, but also results in highly brittle, mechanically weak
fibers once processed.

In recent studies, it was shown that coating of electrospun PCL scaffolds
with CS-g-PCL graft-copolymers resulted in highly biocompatible scaf-
folds for potential tissue engineering applications.7,15 In the coating, the
PCL grafts were crystallizing onto the PCL nanofibers and the chitosan
was presented at the surface, offering various advantages such as cell rec-
ognition sites and a surface charge available for subsequent modifica-
tion.7,16 However, modification involved a multistep process with
coating, drying, and washing. An easier andmore direct method to fun-
ctionalize electrospun fibers would be directly blending PCL with CS-g-
PCL in the spinning process. Blending is well established in the field of
electrospinning as well as the fact that blending of polar additives to a
nonpolar matrix in the electrospinning process may result in an enrich-
ment of polar groups at the fibers’ surface.17,18 Therefore, it could be
expected to find the polar chitosan moieties of CS-g-PCL at the fiber
surface and the blending of CS-g-PCL in the electrospinning process
should result in a similar fiber surface as a modification without the
necessity of additional process steps. Blending can be expected to yield
fibers, which show the same improved properties regarding surface
functionalities and biocompatibility,15,19 while the deposition of drug-
delivery systems or biopolymers should be possible on these surfaces.7

A serious consideration that requires careful examination is that blend-
ing can strongly affect processing parameters, degradation behavior,
andmaterial properties of fibers.20

In this study, we used blends of PCL and CS-g-PCL to prepare
biocompatible scaffolds by electrospinning. The scaffolds were
evaluated regarding their composition (NMR), properties (SEM,
mechanics, porosity), and potential enrichments of polar func-
tionalities at the fiber surface (XPS, CLSM). Furthermore, sam-
ples were analyzed toward their thermal properties and
crystallinity (DSC) as well as cytocompatibility with human mes-
enchymal stromal cells (MSC).

MATERIALS AND METHODS

Materials
Unless otherwise stated all chemicals used were purchased from
Sigma-Aldrich. PCL (Mn = 80 000) and chitosan (Mn = 110 000-
150 000, degree of deacetylation 83% according to 1H-NMR) were
purchased from Sigma as well. 2,2,2-Trifluoroethanol was purchased
fromABCR (Karlsruhe, Germany).

Synthesis of CS-Graft-PCL. Synthesis of chitosan-graft-
polycaprolactone (CS-g-PCL) was carried out according to known
procedures.7,16 Dry chitosan (350 mg, 2.09 mmol, 83% degree of
deacetylation according to 1H-NMR) was dissolved in MeSO3H
(2 mL) in a flame-dried 50 mL Schlenk-flask equipped with a mag-
netic stirrer under nitrogen atmosphere for 1 h at 45 �C. After the
chitosan was completely dissolved, ε-caprolactone monomer
(3.98 mL, 42.12 mmol, 18 eq.) was added and stirred under nitrogen
atmosphere for 5 h at 45 �C. Subsequently, 43.75 mL of 0.2 M
KH2PO4, 7 mL of 10 M NaOH and 100 mL of ice were added to
the reaction mixture under vigorous stirring. The precipitated raw
CS-g-PCL (1:18) was collected by vacuum filtration, washed with
deionized water, and vacuum dried for 24 h. The crude CS-g-PCL
was dissolved in N,N-dimethylformamide, reprecipitated in H2O,
and vacuum dried again.

Synthesis of Alginate-Fluoresceinamine. Synthesis of fluores-
cently labeled alginate (Alg-FA) was carried out according to de
Cassan et al.7 Alginate (21 eq.) was dissolved in 2-(N-morpholino)
ethanesulfonic acid (MES)-buffered solution (0.5 M pH = 5.45).
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid hydrochloride
(2 eq.) and N-hydroxysuccinimide (2 eq.) were dissolved in MES
buffered solution as well. Subsequently the solutions were combined
and stirred for 30 min. Fluoresceinamine (FA) (1 eq.) in MES was
added dropwise, and the reaction mixture was stirred for 48 h at
room temperature. Subsequently the mixture was filtered and dia-
lyzed against deionized water. After lyophilisation, the sample was
characterized by 1H-NMR spectroscopy. The degree of modification
DMFA was calculated according to 1H-NMR and amounts to 1.3%.

Electrospinning of PCL/CS-g-PCL Blends. Ten different blends,
with the PCL content varying from 10 to 90% (w/w) were processed.
Solutions containing 170 mg of PCL per mL of 2,2,2-trifluoroethanol
(TFE) and 1000 mg of CS-g-PCL per mL of chloroform served as
source materials. All experiments were performed at room tempera-
ture. Samples were mixed overnight by shaking. Pure PCL and CS-
g-PCL were processed to create a reference within this study. The
electrospinning device consisted of a syringe holding the blends, an
emitter connected by polyethylene tubing, and a collector covered
with aluminum foil.21 Due to the need of aligned fibers for mechani-
cal testing, samples for mechanical testing were produced using a
drum collector with a rotational speed of 8 m/s. The remaining
parameters were set to 20 cm emitter to collector distance, 20 kV
voltage, 4 mL/h flow rate, and a process time of 90 min. All other
samples were spun on an aluminum foil covered plate collector with
an emitter to collector distance of 25 cm, voltage set to 20 kV, flow
rate of 4 mL/h, and process times of 30 min each.

Modification of Fiber Mats with Alg-FA. Fiber mats were modi-
fied by immerging them into a solution of Alg-FA dissolved in
deionized water (2 mg/mL) for 2 min. Subsequently the samples
were washed in deionized water 5 times for 2 min each and dried
in vacuum overnight.

Characterization Methods
1H-NMR spectra of the samples were recorded on a BRUKER
AV II-300 (Rheinstetten, Germany) (300 MHz) at 25 �C using
deuterated CDCl3 as solvent with tetramethyl silane as internal
reference.

To determine fiber diameters, SEM images were taken (S-3400 N,
Hitachi). These SEM images were analyzed with image analysis
software (AxioVision, Carl Zeiss). A diagonal line was drawn into
each picture. All fibers crossing this line were, on both sides of
the line, examined at least four times regarding their diameter to
calculate average fiber diameters.

Contact angle measurements were carried out with a DATAPHYSICS
Type OCA 15 (Filderstadt, Germany) using the sessile drop method.
Nine microliters of bidestilled water were brought to the sample sur-
face and the contact angle was probed using a camera for online data
processing (SCA 20 software by DATAPHYSICS). Each sample was
measured at least 9 times to determine the average.

Confocal Laser Scanning Microscopy (CLSM) was carried out on a
ZEISS CLSM-510 Meta scan head connected to a Zeiss Axiovert

ARTICLE WILEYONLINELIBRARY.COM/APP

48650 (2 of 11) J. APPL. POLYM. SCI. 2020, DOI: 10.1002/APP.48650

http://WILEYONLINELIBRARY.COM/APP


200 M (Oberkochen, Germany). Samples were measured at least three
times to verify the results, and wavelength scans were performed to
prove that measured signals did not result from reflection but from
fluorescence. Zen Blue Imaging software (ZEISS) was used to deter-
mine the mean fluorescence of samples. To do so, images were sepa-
rated into squares of 10 000 μm2 and analyzed for their mean
fluorescence to calculate the average values in arbitrary units (a.u.).

Differential scanning calorimetry (DSC) measurements were car-
ried out on a Netzsch DSC204 Phoenix connected to Netzsch
TASC 414/3A controller equipped with a CC-200 cooling con-
troller from Netzsch (Selb, Germany). Fiber mats produced from
PCL blends were sealed in alumina pans with a pierced lid and
exposed to a double heat cycle. Samples were heated up from
room temperature to 120 �C with a heat rate of 10 �C/min. Sub-
sequently, the samples were cooled down to −100 �C with a
cooling rate of 10 �C/min and heated up again to 120 �C with
10 �C/min. The same procedure was applied to mixed but
unprocessed polymers as well. Proteus thermal analysis software
(Netzsch) was used to quantify melting temperature (Tm),
enthalpy of fusion (HFUS), glass transition temperature (Tg), and
change in heat capacity at glass transition (ΔCp).

Capillary Flow Porometry was carried out on a Quantachrome
Instruments Porometer 3Gzh (Boynton Beach, Florida). Fiber mat
samples of 25 mm diameter were wetted with Porofil Porometer
Wetting Fluid (Boynton Beach, Florida) and each tested within a
wet and a dry cycle. 3GWin2 software (Quantachrome Instruments)
was used to determine minimum, mean, and maximum pore size.

Static tensile testing was carried out using a universal testing
machine (5655, Instron). The specimens were mounted in dry state
onto the universal machine using pneumatic grips and tested at
room temperature with a crosshead speed of 40 mm × min−1 and
500 N load cell. All specimens were stretched until failure. The
used specimens were deposited on a rotating drum collector. This
leads to circumferentially aligned fibers. During load application,
in a first step, nonaligned fibers will be straightened, however, this
fiber rearrangement prevents recording of reasonable data for
forces and elongation. To avoid these effects due to changing the
materials properties during the process, static tensile testing has to
be performed on aligned specimens. However, all other test
methods were carried out with nonaligned fiber mats.

X-ray photoelectron spectroscopy (XPS) analysis was performed on
an AXIS NOVA spectrometer (Kratos Analytical Inc., Manchester,
UK) using a monochromatic Al Kα source at a power of 180 W
(15 kV × 12 mA) with a hemispherical analyzer in the fixed ana-
lyzer transmission mode and the standard aperture (~0.3 × 0.7 mm
analysis area). Total pressure in the main vacuum chamber was
between 10−9 and 10−8 mbar. Survey spectra were acquired with a
pass energy of 160 eV. To obtain detailed information about chemi-
cal structure and binding states, high-resolution spectra were
recorded from individual peaks at 20 or 40 eV pass energy. The
specimens were analyzed at an emission angle of 0� as measured
from the surface normal. XPS analysis depth ranges between 5 and
10 nm for a flat surface assuming typical values for electron attenua-
tion length of relevant photoelectrons. In the case of rough surfaces
(as in this study), the actual emission angle varies between 0� and
90� and, consequently, sampling depth may range from 0 nm to

approximately 10 nm. Data processing was performed using Cas-
aXPS processing software (Casa Software Ltd., Teignmouth, UK).
All elements present were identified from survey spectra. Atomic
concentrations were calculated using integral peak intensities and
sensitivity factors for the respective elements supplied by the manu-
facturer. Binding energies were referenced to the C 1 s peak at
285 eV for aliphatic hydrocarbon. Accuracy of quantitative XPS
measurements is approximately 10–15%, however precision depends
on signal/noise ratio and is usually much better than 5%. This is rel-
evant when comparing similar samples as performed in this study.

Human bone marrow MSCs were cultivated in DMEM (FG0415,
Biochrom) plus supplements (10% FCS Hyclone, Thermo Fisher
Scientific, not heat-inactivated; 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffered solution
(Biochrom; 100 U/mL penicillin/100 μg/mL streptomycin, Bio-
chrom; 2 ng/mL recombinant human FGF-2 [Escherichia coli],
Peprotech) in a T300 tissue culture flask (TPP) until they
reached a 70–80% confluency. After detaching the cells with
0.05% trypsin/0.02% EDTA (Biochrom), they were seeded onto
the scaffolds with a density of 10.000 cells per cm2. The cultiva-
tion was performed at 37 �C and 5% CO2.

The preparation of the scaffolds and the well plates for cell culture
was described previously.7 In brief, 48-well plates were treated with
100 μL polyHEMA (poly- (2-hydroxyethyl methacrylate, Sigma)
solution (0.02 mg/mL polyHEMA in 1:1 acetone/ethanol) for 10 min
at room temperature. After removing the solution and evaporation of
residual solvents in a safety cabinet, the wells were washed twice with
phosphate-buffered saline (PBS) and once with DMEM plus supple-
ments. The scaffolds were washed with 70% ethanol for 30 min at
room temperature and sterilized via UV-light for 30 min on each
side. Finally, the scaffolds were washed three times with PBS and
once with DMEM plus supplements.

The viability of the cells was studied by using the Colorimetric Cell
Viability Kit I (based on WST-8 [(2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt], Promokine). Cells were cultivated for 1 day, 3 days, and 7 days.
Used media was replaced with fresh media and mixed with the
WST-8 solution in a 1:10 dilution. After incubation for 4 h at 37�C
with 5% CO2, the absorbance of the supernatant was quantified at
450 nm (OD450). The cells were washed with PBS and further incu-
bated with DMEM plus supplements.

RESULTS AND DISCUSSION

To improve electrospun PCL fiber mats for biomedical applica-
tions, blending of PCL with polymers like CS appears promising
but is challenging to implement successfully. According to the lit-
erature, the CS amino groups should enrich at the fibers’ sur-
face17 and therefore improve cell adhesion7,15 and allow to
deposit drug-delivery systems.7,22 However, the compatibility of
PCL with CS is low.23,24 Therefore, we prepared a CS-g-PCL
copolymer, which should allow miscibility and concomitantly
phase separation and surface enrichment.24,25

Synthesis
We synthesized CS-g-PCL copolymers according to the litera-
ture7 by grafting ε-caprolactone onto the hydroxyl groups of CS
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by ring-opening polymerization. Methanesulfonic acid acted as
solvent and catalyst. As published in our previous studies,7 using
2D NMR experiments it was shown that the reaction occurs
mainly on the primary alcoholic function of CS. Here, an exem-
plary 1D NMR is shown in Figure 1, which can be used to deter-
mine the ratio of PCL units to glucosamine units.

The spectrum is in line with previous reports and the ratio of the
integrated signals e or c (2 protons) and signal 3 (1 proton) indi-
cated a composition of the graft polymer with 18 PCL units per
glucosamine unit.

Evaluation of Electrospun Scaffolds
To obtain a systematic overview regarding the properties of PCL
blended with CS-g-PCL and subsequently processed by electro-
spinning, a broad range of compositions was prepared. As a control
group, PCL was processed with slightly adapted parameters known
from the literature7 and analyzed subsequently. Furthermore, samples
with increasing amounts, in steps of 10% (w/w) each, of the second
blend component, CS-g-PCL, were prepared. To do so, both polymers
were dissolved in solvents to create solutions with a medium to high
viscosity, which are applicable to electrospinning processes.While PCL
is soluble in various organic solvents such as trifluoroethanol (TFE),
CS-g-PCL is more difficult to dissolve in high concentrations and nec-
essary viscosities, which ismainly due to its hydrophilic and hydropho-
bic parts. It was found that CS-g-PCL is highly soluble in chloroform
(CHCl3), which is a suitable solvent for electrospinning due to its
volatility26 and that CS-g-PCL can be dissolved in such a way that a
high viscosity is reached, which is beneficial for a stable electro-
spinning process. After dissolving both polymers alone, various
amounts of CS-g-PCL solution were added to PCL solution to create
desired blend compositions. Since the highly viscous CS-g-PCL was
transferred to the PCL solution, it is possible that the transfer was not

carried out completely. Therefore, the final composition of produced
blends was measured via 1H-NMR. Furthermore, the various blend
compositions proceed with different solvent ratios, different vis-
cosities, and processabilities. These could affect material proper-
ties of the produced fiber mats such as fiber diameter, interstitial
volumes, or crystallinity properties.26 To compare produced
fibers, the same electrospinning setup as for pure PCL fibers was
used. This setup allowed manufacturing of reproducible fibers in a
stable electrospinning process.

After electrospinning, scaffolds were analyzed using 1H-NMR to
evaluate the content of graft-copolymer in the processed material.
As shown in Figure 2, the theoretical proportion of PCL to CS-g-
PCL differed from the desired proportion in the processed scaf-
folds. The intended sample composition was not achieved, with a
higher amount of PCL found in most samples. During the prepa-
ration step, CS-g-PCL solution was transferred into a PCL solu-
tion and mixed subsequently. This discrepancy is likely due to
high viscosity of the polymer solutions, which is required for a
stable electrospinning process. However, via NMR measurements
the exact composition of scaffolds could be determined and was
used for subsequent analytics.

To determine fiber diameter and fiber morphology, SEM measure-
ments of produced fiber mats were performed. It was observed
that an increasing content of graft-copolymer did not change the
fiber morphologies over a very broad range of blend compositions
(0–80% (w/w) CS-g-PCL) (see Figure 3). However, using very high
amounts of CS-g-PCL (90% (w/w)) led to more strongly matted
fibers, which was not expected. CS-g-PCL was dissolved in chloro-
form and due to the higher volatility of chloroform compared to
TFE the electrospinning solution should evaporate faster. This
should result in a deposition of completely dried fibers on the
electrospinning collector and avoid matting of the fiber mats due

Figure 1. 1H-NMR spectra of CS-g-PCL18 copolymer. [Color figure can be viewed at wileyonlinelibrary.com]
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to remaining solvent. However, apart from the volatility other
parameters such as viscosity have an effect on electrospinning pro-
cesses26,27 and could explain the matted fibers. This stronger fusion
of fibers is not necessarily a negative outcome, because potentially
it can improve mechanical strength. To evaluate the fiber mats fur-
ther, fiber diameters were determined.

As shown in Figure 4, it was observed that fiber diameter
remained unchanged over almost the complete range of blends,
which was further supported by their constant fiber morphology.
The fibers showed a diameter of around 1 � 0.35 μm. However,
compositions consisting of 90% (w/w) CS-g-PCL showed a signif-
icant increase in fiber diameter up to 2.04 � 0.41 μm. This could
be due to the change in solvent ratio and viscosity. While PCL
was dissolved in TFE, CS-g-PCL was dissolved in chloroform,
which evaporates faster and has a different viscosity compared to
TFE. This increase in fiber diameter could lead to a decrease in
interstitial volume, which would not necessarily be beneficial for
cellular ingrowth and support.1,28

Interstitial volume, simplistically named pore size, was evaluated
using intrusion porometry. However, no significant change in
pore size and distribution was found (Table I). Unfortunately,
blends with compositions of 90% (w/w) CS-g-PCL were too brit-
tle to be measured. This fact together with general handling of
these samples showed, that this composition is not applicable for
later use as an implant and therefore not been evaluated in detail
any further. Taken together, all relevant blend compositions
showed comparable pore sizes and should be equivalently quali-
fied for relevant parameters such as cell ingrowth or nutrient
support.

Electrospun blends were evaluated regarding their wettability.
This is an important parameter for potential cell response to the
surface. The water contact angle was evaluated using sessile drop
method at room temperature by measuring the angle between a
water droplet and sample surface. PCL fiber mats showed a con-
tact angle of 127 � 3�, which confirmed the hydrophobic nature
of PCL. The contact angle for flat PCL surfaces is 81�.29 However,

the contact angle is not only defined by the surface chemistry but
also by topography. Rough hydrophobic and rough hydrophilic
surfaces show more extreme contact angles compared to smooth
surfaces of the same material.30 This effect may also result in a
sudden change from very large contact angles to complete wetta-
bility.31 The PCL fiber mats did not have a smooth surface, but a
rough and irregular surface topography, thus the higher contact
angle compared to the smooth PCL is in line with the structure.
By blending PCL with CS-g-PCL, the surface wettability should
increase due to the presence of hydrophilic CS at the fiber surface
and its hydroxy and amine groups. Measurements showed that
all fiber mats prepared with blends showed full wettability,
already 10% (w/w) of CS-g-PCL were sufficient to obtain fiber
mats, which showed a contact angle of 0�. This good wettability
was considered as favorable for cell adhesion.32

Thermal Properties and Crystallinity
DSC is a fast and straightforward method to determine thermal
properties and crystallinity, which are critical for later application
and might strongly influence the materials’ mechanical properties
or degradation behavior. A double heating cycle was applied for
the samples as described previously to determine samples actual
crystallinity (first heat cycle) and its ability to crystallize (second
heat cycle).33 Unless otherwise stated, all data depicted here are
from the first heat cycle and hence indicate samples actual crys-
tallinity. The thermograms for processed, namely electrospun,
and unprocessed materials differ. The processed material showed
a single, rather broad melting peak indicating that the blends
consist of only one, more or less homogenous, crystalline phase.
However, the large width of the melting peak indicates that this
phase consists of a distribution of various crystalline states. This
might be due to the electrospinning process itself, which leads to
a phase separation resulting in “pure” PCL phases and phases of
graft-copolymer during the drying process of the fibers. Such
processes of enrichment of certain phases are well known in the
literature.17 The unprocessed materials however showed two
melting peaks, indicating two distinct crystalline phases. Since the
unprocessed materials were not dissolved and mixed afterward
but just ground and mixed in a solid state, it is likely that they
did not form a homogeneous blend. The processed materials,
however, were both dissolved in solvents and mixed subsequently
in the liquid phase, which should facilitate the formation of a
good blend and phase reorganization.25,34 The double melting
peak in unprocessed material could result from pure PCL and the
PCL containing graft-copolymer consisting of PCL chains in dif-
ferent phases or structural compositions. This could be due to
PCL and CS-g-PCL differing in their ability to crystallize and
resulting crystal size. PCL as a linear polymer chain should be
able to crystallize easily at higher temperatures and form crystal-
lites with a high lamellae thickness in contrast to the branched
and relatively poor ordered CS-g-PCL; this probably resulted in
the observed double melting peaks on DSC thermograms.35 The
second lowered melting peak can be explained, even without any
effects of reorganizational or matrix effects, with the increase of
components hardly crystallizing in the actual blend, which result
in a lower overall intermolecular interaction.36

By blending CS-g-PCL into PCL, the resultant material properties
could differ. Materials’ enthalpy of fusion, change in heat

Figure 2. Theoretical and measured proportions of PCL in processed blends
after electrospinning (n ≥ 3, SD).
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capacity, melting point and glass transition temperature, there-
fore, were measured. Melting point of samples was determined
by using the peak temperature, which was not affected signifi-
cantly by peak structure or potential peak shoulders. There were
no significant changes in melting point (60 � 1.8 �C) throughout
the samples. Besides X-ray diffraction techniques, enthalpy of

fusion is the most direct access to measure the degree of crystallin-
ity. The enthalpy of fusion for pure PCL was measured at
54.3 � 2.0 J/g and for the graft-copolymer CS-g-PCL at
55.8 � 8.4 J/g. However, electrospinning significantly increased
orientation of polymer chains, which fosters the crystallization.
Therefore, electrospun PCL showed much higher enthalpy of
fusion (72.4 � 3.3 J/g). The enthalpy of fusion is even higher for
electrospun blends of PCL with CS-g-PCL. For a blend composi-
tion of 50% (w/w) CS-g-PCL, the enthalpy of fusion was increased
to 89.0 � 1.2 J/g. For a blend with 90% (w/w) CS-g-PCL an
enthalpy of fusion of 109.6 � 1.6 J/g was determined and the mate-
rial was very brittle. Pure graft-copolymer CS-g-PCL, which was
processed by electrospinning showed an enthalpy of fusion of
107.8 � 2.4 J/g, which was almost double the value for the
corresponding but unprocessed graft copolymer. It was concluded
that electrospinning led to rearrangement and stretching of polymer
chains, which influenced the crystalline properties of the fiber mats.
Furthermore, a shoulder with a lower Tm, which indicates smaller
crystallites and overall crystallinity can be observed in the recorded
thermograms (see Figure 5), which might be induced by the struc-
ture of the polymeric graft. It was observed that samples were
highly brittle and unusable for further experiments if processed
with ≥90% (w/w) of CS-g-PCL.

As calculated by 1H-NMR, the graft copolymer has a composition
of 18 PCL units per glucosamine units and consists mainly of
PCL units. Using this, the relative fraction of both PCL and

Figure 3. SEM images of electrospun CS-g-PCL/PCL blends. Compositions of the blends (a) 10/90; (b) 40/60; (c) 60/40 days) 90/10.

Figure 4. Fiber diameter in [μm] of various PCL blends (n ≥ 100, SD).
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glucosamine can be calculated using their averaged molecular
weights and number in the copolymer.

This resulted in a relative fraction of only 7.4 wt% of graft copol-
ymer resulting from glucosamine units and 92.6 wt% resulting
from PCL units. Therefore, a rough estimation regarding its
crystallinity was made using theoretical value for 100% crystal-
line PCL. The PCL side chains of CS-g-PCL are short so that
they do not show entanglement but due to their high concentra-
tion and orientation, which results from the electrospinning pro-
cess, it is possible that these crystallize better in comparison to
pure PCL. This is mainly due to the high orientation, which is
caused by electrospinning and stretching on the electrospinning
collector. Furthermore, the transition from liquid to solid state
during the electrospinning process might enable an enhanced
phase separation, which results in regions of pure PCL and
regions enriched with Chitosan units. If this is combined with
the relatively high surface to volume ratio of electrospun
nanofibers this could enable a good and sufficient crystallization
process. As shown in Figure 6 an increasing amount of CS-g-
PCL in the blend composition led to a higher enthalpy of fusion.
To calculate the degree of crystallinity (Xc), the following equa-
tion was used,

Xc =
ΔHF Tmð Þ
ΔH0

F T0
m

� � ð2Þ

ΔHF(Tm) is the measured enthalpy of fusion at the melting
point and ΔH0

F T0
m

� �
is the enthalpy of fusion of completely crys-

talline PCL ΔH0
F T0

m

� �
. Tiwari and Raj determined ΔH0

F T0
m

� �
as

139.3 J×g−1.37 As shown in Figure 6, an increasing amount of
CS-g-PCL in the blend led to a significant increase in crystallinity
from XC = 59% for 10% (w/w) of CS-g-PCL up to XC = 78% for
90% (w/w) of CS-g-PCL. Even small amounts of graft copolymer

increased crystallinity significantly. This resulted in stiffer fiber
mats, which are rather beneficial for the desired mechanical
properties of the produced implant. However, it is not beneficial
if the fiber mats become too brittle, as seen for samples with a
very high content of graft copolymer (≥90 w/w%).

Surface Composition
An important question is whether, and to what extent, the
chitosan groups are enriched at the surface of the electrospun
fibers of the blends. The chitosan groups are important to
improve cell adhesion and allow attachment of nanoparticular
drug-delivery systems by electrostatic interaction.7 To evaluate
whether fibers prepared from blends of PCL with CS-g-PCL show
an amine-containing surface, fluorescently labeled alginate (Alg-
FA) was used. If cationic chitosan amino groups are present at
the fiber surface the polyanion Alg-FA will attach to the surface
by electrostatic interaction in a simple dipping process.7 After
attaching Alg-FA, all blend compositions showed fluorescence
signals even after thorough washing of the fiber mats. The fluo-
rescence intensity scaled with the composition of the blend used for
the electrospinning. The higher the amount of CS-g-PCL in the
blend, the higher the fluorescence intensity (see Figure 8). To obtain
a semiquantitative measure, the sample mean fluorescence intensity
was determined using identical CLSM setup and beam intensities.
The fluorescence intensity decreased from 1400 � 300 a.u. (90%
(w/w) of CS-g-PCL) to 300 � 150 (30% (w/w) of CS-g-PCL). A
decrease in graft-copolymer content goes along with a decrease in
fluorescence intensity. However, this seemed to reach a plateau at
50% (w/w) of graft copolymer. In addition, further decrease in graft-
copolymer content did not change fluorescence intensity signifi-
cantly. Thus, even a small amount of graft copolymer is sufficient to
transform the fibers’ surface into an active, state, which can be fur-
ther functionalized. Only high amounts of CS-g-PCL led to a further
relevant increase in chitosan groups, and therefore amine functional-
ities at the fibers’ surface.

Table I. Evaluation of electrospun blends consisting of PCL and CS-g-PCL

Theoretical proportion
PCL:CS-g-PCL [%]

Measured content
PCL [%] (n � 3)

Contact angle
[�] (n � 9)

Fiber diameter
[μm] (n � 100)

Medium pore
size [μm] (n � 3)

10 12.7 � 1.3 0 2.04 � 0.41 Too brittle to
be measured

20 30.3 � 0.8 0 0.95 � 0.17 2.76 � 0.24

30 43.4 � 1.5 0 1.05 � 0.17 2.55 � 0.32

40 57.6 � 0.3 0 1.09 � 0.21 2.75 � 0.41

50 63.7 � 1.8 0 0.88 � 0.17 2.91 � 0.26

60 69.2 � 0.6 0 0.84 � 0.20 2.69 � 0.35

70 74.3 � 1.1 0 0.94 � 0.48 2.62 � 0.31

80 85.1 � 1.0 0 0.93 � 0.36 2.82 � 0.42

90 92.3 � 0.7 0 0.92 � 0.39 2.45 � 0.48

number glucosamine×Mwof glucosamine
number glucosamine×Mwof glucosamineð Þ+ number PCL×Mwof PCLð Þ × 100 =

1× 163,82
1× 163,82 + 18× 114,14ð Þ × 100 = 7:4% ð1Þ
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This general increase in fluorescence intensity in conjunction
with an increase in graft-copolymer content could be explained
by an enrichment of polar functionalities at the fibers’ surface.
Furthermore, it was observed that fluorescence profiles of the
fibers differ depending on their compositions (see Figure 7).

Imaging fibers with high amounts of CS-g-PCL showed homoge-
nous staining with no difference in fluorescence intensity. This
has also been observed for fibers with medium amounts of graft-
copolymer up to 30% (w/w). This indicates that the graft-
copolymer and its amine functionalities, which are necessary for
attachment of Alg-FA are present throughout the whole fiber. To
achieve this, fibers have to be able to swell to allow the modified
biopolymer to pass through and stain the complete fibers, which
would be the case if CS-g-PCL is present throughout the whole
fiber. For low amounts of graft copolymer, however, it was
observed that fluorescence profiles of fibers were no longer
homogenous. A hollow pipe-like structure was imaged indicating
that amino functionalities of CS-g-PCL were concentrated at the
fibers’ surface rather than at the fibers’ core, resulting in a relative
enrichment of the polar amine functionalities at the nonpolar
fibers’ surface. This observation is commonly known in the litera-
ture for other systems,17 however, could have also been due to a
hydrophobic core of the fibers, which did not allow the hydro-
philic biopolymer to penetrate into the fibers completely. This
possible explanation, however, was rejected based on the XPS
results (see below). Taken together, these measurements provide
an indirect but quick method to evaluate sample surface func-
tionalities. This experiment also acted as proof of principle to
show the versatility and accessibility of the electrospun fiber mats
for subsequent functionalization. As we showed in our previous
studies, PCL fiber mats modified by crystallizing CS-g-PCL onto
the fibers’ surface were easily to functionalize by dipping
methods.7 The functionalization with other polymers or drug-
delivery systems is based mainly on electrostatic interactions.
Since the fibers spun from blends were able to bind a polyanionic
polymer, namely alginate, they are accessible to the same func-
tionalization methods as the PCL nanofibers modified by

crystallizing CS-g-PCL. Thus, the blending could act as a good
alternative, replacing the coating of nanofibers, being less time
consuming and a more efficient process.

As CLSM measurements do not give direct access to the actual
content of chemical composition of the fiber surface, XPS were
carried out. Furthermore, based on its surface sensitivity, XPS
can be used to determine whether polar groups, such as chitosan
and their amine functionalities, are enriched at the fiber surface.17

As shown in Figure 8 the nitrogen content determined by XPS
was correlated with the actual content of graft copolymer in the
blend. There was no good correlation. Even at high PCL content,
high N/C ratios were found. The highest values were reached at
50% (w/w) PCL and decreasing for higher amounts of the
graftpolymer. Furthermore, we calculated the theoretical nitrogen
content for homogenously distributed fibers of the blend compo-
sitions used herein. It was seen that theoretical content was sig-
nificantly lower than measured contents in all cases. Taking into
account that XPS is a surface sensitive measurement method with
a relatively low penetration depth, this clearly verified the enrich-
ment of polar functionalities at the fiber surface confirming the
measured CLSM fluorescence profiles of the fibers.

Cytocompatibility
PCL is known for a compromised biological performance, espe-
cially for initial cell attachment.1,2 In a previous work, we intro-
duced a method for the modification of PCL fiber mats with the
graft polymer CS-g-PCL by dip coating and a surface-induced
crystallization, which significantly improved the initial cell attach-
ment and viability of the cells.7 If the surface enrichment of the
chitosan in blend fibers would be sufficient to improve the bio-
logical performance in a similar way this would be an even easier
way to obtain fiber mats for tissue engineering applications. Fiber
mats from blends of different compositions were tested for their
ability to increase the initial cell attachment and proliferation of
MSCs via a viability assay.

Analysis of the cellular dehydrogenase activity was performed
with pure PCL fiber mats (100% PCL content) and processed

Figure 6. Enthalpy of fusion for electrospun and unprocessed blends of
PCL and CS-g-PCL. (n ≥ 3, SD).

Figure 5. Exemplary thermogram of 40% (w/w) CS-g-PCL with PCL.
Shown is the first heat curve. Black curve shows material, which was
processed by electrospinning, red curve shows mixed but unprocessed mate-
rial. [Color figure can be viewed at wileyonlinelibrary.com]
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blends with a CS-g-PCL content ranging from 10 to 80% (w/w)
over a time period of 1, 3, and 7 days. Fiber mats with a content
of 90% (w/w) of CS-g-PCL were unstable in cell culture media
due to their brittleness and therefore could not be tested. Here
we show the viability of the cells after 1 day of seeding which
reflects the initial cell attachment and the viabilities after 3
and 7 days, which indirectly correspond to the proliferation of
the human MSCs (see Figure 9). Short-term cell attachment
(1 day) significantly improves with 70–40% PCL content. On
the contrary, 90–80% PCL content do not show significant
improvement of initial cell attachment but allow better prolif-
eration over time (3–7 days) compared to pure PCL. In gen-
eral, we observe an increase in vitality from 1 to 7 days for all

samples mirroring proliferation of the cells. The viability of
the cells is significantly higher under most conditions (90–40%
PCL) compared to pure PCL after 7 days of incubation. Our
data demonstrate that already 30% (w/w) of CS-g-PCL in the
fiber mat is enough to improve initial cell attachment (1 day).
The low cell viabilities at low PCL content (<30%) can be
explained by the fact that these fiber mats showed a significant
decrease in stability and partly even dissociation of the fiber mat in
cell culture media. Therefore, the cells are not able to attach prop-
erly or rather detach when the fiber mats collapse. In conclusion, it
was important to incorporate not more than 60% of CS-g-PCL in
the fiber mat. With respect to the initial cell attachment phase

Figure 7. Fluorescence images and profiles for electrospun CS-g-PCL/PCL blends after adsorption of Alg-FA. Composition of the blends (left) 80/20 (mid-
dle) 40/60 (right) 20/80. Setup and sensitivity of fluorescence measurements was kept constant to allow for comparison and evaluation of fluorescence inten-
sities. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 8. Nitrogen/Carbon (N/C) content of the fibers’ surface measured
by XPS (black rectangle) in processed blends. One can observe an enrich-
ment of Nitrogen at the fibers’ surface compared to the calculated (white
circle) values. Data correlates nicely with indirect measurement of active
binding sites, in this case amine functionalities, for Alg-FA by CLSM (white
triangle, n = 9, SD). Arrows indicate the correct axis of ordinates.

Figure 9. Cytocompatibility testing of processed blends with human MSCs.
Viability of the cells was measured via cellular dehydrogenase activity after 1, 3,
and 7 days for fiber mats prepared from blends with different contents of PCL.
Short-term cell attachment (1 day) significantly improved with 70–40% (w/w)
CS-g-PCL content. Long-term viability and proliferation of human MSCs is
improved by PCL blends in comparison to pure PCL (3 and 7 days). Statistical
significances were analyzed for pure PCL versus PCL blends via student’s t-test.
****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.1.

ARTICLE WILEYONLINELIBRARY.COM/APP

48650 (9 of 11) J. APPL. POLYM. SCI. 2020, DOI: 10.1002/APP.48650

http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP


(1 day) and the subsequent proliferation (3–7 days) a content of
30% CS-g-PCL was optimal.

Taking together, blending PCL with CS-g-PCL improved the ini-
tial cell attachment and viability of MSCs in vitro significantly
compared to pure PCL. The results clearly indicate that the sur-
face enrichment of the chitosan groups is sufficient for improved
cell compatibility.

Mechanical Properties
Due to its mechanical properties, PCL is already used as a basic
implant material. To evaluate if blending CS-g-PCL into
electrospun PCL scaffolds does maintain these mechanical prop-
erties or weaken the implant, elongation and force at break were
measured for pure PCL and CS-g-PCL scaffolds. Since mechani-
cal properties of electrospun fibers are highly depending on the
processing parameters used, such as polymer concentration, flow
rate, and especially cross section, it is well established that the
common comparison of stress and strain is not suitable for these
kinds of materials. Therefore, more basic mechanical properties
like force at break and elongation at break were investigated for
the electrospun fiber mats. The comparison of these parameters
is considered to be reliable, provided samples were manufactured
using the same protocols.

We used an exemplary composition of 40% (w/w) CS-g-PCL, since
this composition showed good surface wettability, sufficient surface
charge for subsequent functionalization, and cell compatibility. Due
to nature of the electrospun fiber mats, these act differently compared
to solid specimens. During load application, the nonaligned fibers are
straightened resulting in a high degree of anisotropy, consecutive fiber
rearrangement makes a trustworthy recording of forces and elonga-
tion complicated. To avoid any corruption of data by rearrangement
processes in the material itself, samples were prepared on a rotating
drum collector to achieve specimens with aligned fibers.

As shown in Figure 10 the blend was compared to pure PCL
regarding its elongation and force at break. Electrospun PCL
showed an elongation at break of about 70 � 23%, while the used
blend composition showed no significant difference and reached
slightly lower but similar values of 60 � 7%. The values for force

at break of 24 � 3 N (40% (w/w) CS-g-PCL) is slightly lower
compared to 27 � 5 N (PCL), however due to the relatively large
error the difference was not statistically significant. These results
indicated that the blend composition used is a promising material
to act as a replacement for pure PCL scaffolds. Furthermore, dis-
tribution of results and therefore properties, based on the error
bars, is narrower for the blends. These results can be compared
with published data for native rat tendons, which were deter-
mined as maximum force at break for explanted and reimplanted
to approximately 28 � 2 N after full healing period of 8 weeks.38

This clearly indicated that electrospun PCL/CS-g-PCL blends do
have the potential to take up the load present in a rat and there-
fore, together with its other promising properties such as
cytocompatibility, surface wettability, and modifiability, should
be tested further in in vivo experiments.

CONCLUSIONS

In this work, various blends of CS-g-PCL and PCL were processed
to create biocompatible, mechanically strong, and modifiable scaf-
folds for potential tissue engineering applications. It was shown
that processing CS-g-PCL and PCL by electrospinning is possible
and the desired proportion could be adjusted during the process.
By analyzing SEM images, it was shown that the scaffolds looked
similar over a broad range of blend compositions and showed
comparable fiber diameters. Interstitial volumes were evaluated as
well and showed no significant difference throughout the blends,
indicating a very stable electrospinning setup.

Both XPS and CLSM confirmed an increased presence of nitro-
gen/amine functionalities when adding more graft copolymer. In
addition, XPS clearly indicated an enrichment of amine function-
alities at the surface compared to theoretically calculated values.
This was confirmed by CLSM measurements.

No change in melting point or glass transition temperature was
measured by DSC for different blend compositions, however,
enthalpy of fusion and therefore crystallinity of the system increased
significantly by electrospinning itself. Furthermore, increasing ratios
of CS-g-PCL led to a higher enthalpy of fusion of up to 110 J/g for
90% (w/w). This might be due to a rearrangement of the polymer
chains and therefore increased ability to form crystalline regions.

Blends showed a significantly increased cytocompatibility for human
primary cells. It was shown that minor amounts of CS-g-PCL are
sufficient to improve initial cell attachment and proliferation, while
very high concentrations of CS-g-PCL, which resulted in rigid and
unstable fiber mats, are not beneficial. Furthermore we analyzed an
exemplary blend composition regarding its mechanical properties,
which are similar to electrospun PCL fiber mats.

We conclude that blending CS-g-PCL with PCL is a promising
approach to act as an alternative for PCL fiber mats coated with
CS-g-PCL7 and to act as scaffolds suitable for in vivo tissue engi-
neering applications.
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