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a b s t r a c t
Biopolymeric particles can be ﬁbrous or spherical, highly determining their areas of medical applications such as biomimetic ﬁbers for tissue engineering or injectable capsules. In this work, we present
a completely novel morphology, combining structural features of ﬁbers and spheres in dumbbell-shaped
Poly-ε -Caprolactone (PCL) micro-particles. Strikingly, such complex structures could be achieved by simply balancing out the parameters of a standard electrospinning setup together with ﬁne-tuned spinning
dope compositions. In-situ entropy-elastic snapping of deposited ﬁbers could be triggered by combining
PCL with different molecular weights, allowing for control over the aspect ratio of generated dumbbells
in an accurate manner. With a single electrospinning nozzle, high production rates in the range of 80.0 0 0
dumbbells per second were achieved. To assess morphologically induced biofunctionality, dumbbell suspending and surface modiﬁcation with collagen was performed and in vitro-testing with U87 reporter
cells demonstrated signiﬁcantly enhanced integrin-based cell adhesion on PCL-dumbbells as compared to
continuous PCL-ﬁbers. The results clearly unravel the remarkable potential of such structures in the ﬁeld
of tissue engineering. Revealing this new class of polymeric particles will also open the door to various
new approaches including injectables, biofabrication and cosmetics, moreover, deﬁning a novel type of
ﬁller material.
© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Among the synthetic materials suitable for biomedical applications, Poly-ε -Caprolactone (PCL) has gained outstanding interest within the last decades. The semi-crystalline linear aliphatic
polyester is biocompatible and biodegradable, belonging to the
class of synthetic biopolymers [1]. It was ﬁrst synthesized in the
1930s [2] but did not receive signiﬁcant attention until the demand
on resorbable polymers arose at the end of the 20th century. PCL
can be degraded via surface or bulk hydrolytic pathways rendering it a biodegradable material [3]. Furthermore, its thermal properties of low glass transition (−60 °C) and melting temperature
(60 °C), resulting in straightforward processing, as well as relatively
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inexpensive production routes promoted its prevalence in science
and industry [4]. Finally, commercial break through was induced
by FDA-approval (U.S. Food and Drug Administration) of biomedical PCL-based products like Monocryl® [5]. With the subsequent
CE certiﬁcation, various other applications such as wound dressings, contraceptive devices, implants for tendon repair or dentistry
have opened up within the last two decades [6–9]. This success
story is ongoing, and the number of annually published articles referring PCL is constantly increasing (more than 20 0 0 publications
in 2019), with explicitly growing focus on work with electrospun
PCL-ﬁbers in various compositions (~350 in 2019) [10].
In general, PCL can be processed into a broad variety of morphologies, from ﬁlms to spheres and foams as well as 3D-scaffolds,
which are produced by selective laser sintering or fused deposition modeling [11–15]. Furthermore, electrospinning in general
provides a highly attractive, fast and relatively simple method
to generate ﬁbers with diameters in the micro-, submicro-, and
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nanoscale [16,17]. Thereby, a polymer solution or melt is extruded
from a needle, which is connected to a high voltage source (up
to 100 kV) inducing electrostatic surface charges at the droplet’s
interface [18]. Coulombic repulsion in the spinning dope leads to
formation of a Taylor cone with jet ejection as the surface tension is overcome by the electrostatic forces. The jet is stretched
due to acceleration and whipping and simultaneously solidiﬁes as
a result of drying or cooling [19]. The resulting ﬁbers are attracted
by a counter-charged or grounded collector, which can be a simple plate to create nonwovens, or e.g., rotating drums for aligned
ﬁbers [20,21]. The broad magnitude of ﬁber diameters and variety of material compositions, that can be fabricated via electrospinning, has aroused signiﬁcant interest in the ﬁelds of tissue engineering (TE) and regenerative medicine (RM). Thereby, the main
focus is on mimicking the morphological features of the natural extracellular matrix (ECM) to provide cell-friendly environments by
design [22]. ECM is a tissue speciﬁc and non-cellular component
present within all tissues and organs. It provides physical scaffolding for cells, but also crucial biochemical and biomechanical cues
that are required for cell or tissue morphogenesis, differentiation
and homoeostasis [23]. The main groups of ﬁbrous ECM proteins
are collagens, elastins, ﬁbronectins and laminins [24]. Cell adhesion to the ECM is mediated by ECM receptors on the cellular surface such as for example integrins [25]. Interaction or adhesion
of cells with their integrins further leads to cytoskeletal coupling
to the ECM and is therefore involved in cell migration and adhesion on and through the ECM [26]. Both processes depend on
organization of the actin cytoskeleton (F-Actin) into adhesive and
protrusive organelles in response to extracellular signals [27]. Numerous studies applying different cell types have shown the positive impact of mimicking ECM-like ﬁbrillar structures via electrospinning. Wise et al. demonstrated that human mesenchymal stem
cells, seeded on aligned electrospun PCL ﬁbers (Ø 500 nm and
3 μm), adapted to axial orientation resulting in enhanced chondrogenic differentiation on 500 nm ﬁber scaffolds as compared to
3 μm ﬁbers and the control without ﬁbers [28]. In another study,
the penetration depth of human venous myoﬁbroblasts into different electrospun nonwovens (Ø 3–12 μm) was investigated and it
was found that the largest diameter (Ø 12 μm) provided optimal,
unobstructed cell inﬁltration [29]. This emphasizes the variability
in structure-speciﬁc cell response and the need for applicationrelated optimization of material morphologies. Another important
aspect of such ﬁbers is their biological surface functionality. As
presented by Schnell et al., a blend of 75:25 wt% of PCL and collagen as spinning dope, signiﬁcantly improved Schwann cell migration, neurite orientation and ﬁlopodial extension of Schwann cells
and ﬁbroblasts in comparison to pure PCL ﬁbers [30]. Comparable effects were further demonstrated by Krithica et al., who presented a strategy to immobilize type I collagen on PCL nanoﬁbers
that enhanced ﬁbroblast attachment and growth on the coated
ﬁbers [31].
Besides electrospun non-woven meshes or aligned ﬁber mats,
that often result in 2D substrates, short ﬁbers were recently identiﬁed as highly attractive morphology to render electrospun ﬁbers
accessible for applications such as supplements for injectables,
bioinks in biofabrication or as a replacement for microcapsules in
cosmetic products [32–34]. Regarding PCL, the main focus so far
was on the production of continuous electrospun ﬁbers and electrosprayed microspheres with diameters ranging from 0.5–5 μm for
ﬁbers and 1–50 μm for microspheres [35–37]. To produce the attractive morphology of short ﬁbers, most approaches require consecutive fragmentation steps (UV-irradiation or hydrolyses) after
the production of a suﬃcient number of continuous ﬁbers. By contrast, self-formation of fragmented ﬁbers during electrospinning
was previously observed, but not further investigated as it was undesired and interpreted as large beads [38].

Addressing the growing demand on such advanced polymer
morphologies, we established a simple electrospinning approach
to in-situ fabricate dumbbell-shaped PCL ﬁber fragments by precisely balancing out processing conditions. We could demonstrate,
that applying a well-deﬁned parameter set in a standard electrospinning device with a mesh substrate (Fig. 1A) resulted in
ﬁber snapping and thus fragment formation in a onestep process (Fig. 1B). Hypothesizing, that this phenomenon is intrinsically driven by entropy elastic forces of PCL molecules, we were
able to transfer our ﬁndings and adjust ﬁber length by blending PCL of different molecular weight (MW). Finally, we assessed,
that the combination of structural features of spheres and ﬁbers
within this new micro-particle system might induce morphologically triggered, biologically relevant features. Therefore, we performed reporter cell culture experiments on collagen-modiﬁed PCL
(Fig. 1C) displaying signiﬁcant impact of our dumbbell morphology
on cell performance as compared to continuous ﬁbers. Remarkably
promoted cell adhesion and spreading was attributed explicitly to
integrin-based cell adhesion at the curvature of collagen-coated
PCL-dumbbells.

2. Materials and methods
2.1. Electrospinning
Polycaprolactone with three different molecular weights
(10/45/80 kDa, Sigma-Aldrich, MO, USA) was dissolved overnight
at room temperature in 99% pure 1,1,1,3,3,3-hexaﬂuoro-2-propanol
(HFIP, abcr GmbH, Germany) to form 20%w/v and 30%w/v solutions. The solutions were loaded into 3 ml syringes (Omniﬁx® Luer
Lock Solo, B. Braun, Germany) and placed in the syringe pump
(KDS 200, KD Scientiﬁc Inc., MA, USA) with the volume ﬂow set
to 1 ml/h. The syringes were connected to stainless-steel needles
(21 G, Cat. No.371.0820, Socorex Isba SA, Switzerland) through
luer-lock connecting tubes (B.Braun Perfusor line 30 cm) to reach
the inside of the spinning chamber. A custom-made rotating drum
(Ø 85 mm) was set-up with a constant rotating speed of 100 RPM
for random non-woven and 10 0 0 0 RPM for aligned ﬁbers. The
rotating drum was covered with collecting mesh made of polyester
(Mesh size 80 μm, Reichelt Chemietechnik GmbH+Co, Germany.)
as collecting substrate. The distance between the tip of the needle
and the collecting drum was ﬁxed to 9 cm and high voltage was
applied at the needle (+4 to +6 kV) and the collector (−1 kV).
Samples for morphological analysis were spun for 20 min, samples
for cell culture experiments for 60 min to reach suﬃcient layer
height.

2.2. Fiber fragment disassembly
The generated coated carrier meshes were removed from the
drum and immersed in ethanol. After 20 min, the nonwoven could
be easily peeled off, cut into smaller pieces and subjected to ultrasonication to suspend the individual fragments from the bulk material. Ultrasonication was applied for about two hours using ﬂat
probe ultrasonic processor (UP200Ht, ﬂat probe diameter 40 mm,
Hielscher Ultrasonics GmbH, Germany) at 70% amplitude and pulse
duration of 2:1 (On:Off), sonication power was adjusted automatically based on amplitude and pulse setting. During sonication, the
PCL sheets were suspended in ethanol and cooled below 10 °C
to prevent melting of PCL. The PCL ﬁber fragments were ﬁltered
twice using coarse ﬁlters (Mesh size 105 μm, Reichelt Chemietechnik GmbH+Co., Germany) and ﬁne ﬁlters (Mesh size 45 μm, Reichelt Chemietechnik GmbH + Co., Germany). The turbid ﬁltrate
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Fig. 1. Schematic overview on the presented approach: (A) Parameter set of a standard electrospinning device with a mesh substrate was speciﬁed to induce ﬁber snapping
(controlled by MW composition of PCL-blends) resulting in dumbbell-like structures (B). These structures were biofunctionalized with a collagen coating and tested in-vitro
with U87 reporter cells (C).

was dried at 37° for 7 days until a dry pellet was formed that allowed easy storage and full resuspension.

2.5. Fourier-transform infrared spectroscopy
Dry samples of coated and uncoated ﬁber fragments were investigated with a FT-IR spectrometer (InfraRed Bruker Tensor 37,
Bruker Corporation, MA, USA) using the ATR Ge-crystal setup in direct contact mode. All spectra were measured in absorbance mode
with atmospheric compensation enabled with a resolution of 4
cm−1 and a sample scan time of 100 scans in the range from 40 0 0
to 800 cm−1 . A background scan was performed prior to the samples and subsequently subtracted from all spectra. One step baseline correction was applied during data evaluation for better comparability.

2.3. Collagen coating
Samples for coating were immersed in 10% 1,6-hexanediamine
(Sigma Aldrich, MO, USA) in 2-propanol and mixed in an overhead
stirrer at RT for 1 h. The samples were washed thoroughly with an
excess of Milli-Q water several times and lyophilized afterwards
for 12 h. The dry samples were immersed in 1% glutaraldehyde
for 1 h at room temperature. The samples were washed several
times with Milli-Q water and suspended in 2.5 mg ml−1 collagen
solution (ibidi GmbH, Germany) at pH 3.4 and gently mixed at 2–
4 °C for 48 h. Samples were ﬁltered and rinsed once with 0.1%
acetic acid and subsequently with Milli-Q water until neutral pH
was reached. The samples were dried under the fume hood at RT
overnight prior to the experiments. 24-Well plates for life-imaging
with zenCELL owl were coated as follows: 250 μl collagen solution
(Corning Cat. No.: 354,249; 9,88 mg/mL) were diluted in 15 mL
20 mM acetic acid. 250 μl were added to each 24-well and kept
for 1 h at RT. Afterwards collagen was removed and wells were
washed 3x with PBS.

2.6. Contact angle
Contact angle measurement (Surftens universal, OEG GmbH,
Germany) was used to assess the surface wettability of the coated
and uncoated samples. Every measurement was repeated 5 times
with a droplet volume of 0.5 μl Milli-Q H2 O.
2.7. Reportercell generation
For the generation of lentiviral transfer vector, cDNA of farnesylated tdTomato ﬂuorescent protein was ampliﬁed from tdTomatofarnesyl-5 plasmid (Addgene, #58,092) using a 5 primer encoding
a BamHI site and a 3 primer encoding a NotI site, and used to
replace the AcGFP cDNA in pLVX-AcGFP-N1 (Clontech, #632,154).
Following puriﬁcation of the PCR product, it was treated with
BamHI and NotI and inserted into the similarily treated vector
pLVX-AcGFP-N1. After puriﬁcation of the plasmid DNA using the
NucleoBond Xtra Maxi Kit (Macherey-Nagel, #740,414.50) its sequence was veriﬁed by custom DNA sequencing (Euroﬁns Genomics Germany GmbH, Germany). Lentivirus was generated by
co-transfecting the transfer plasmid with the packaging plasmid
psPAX.2 (Addgene, #8454) and the enveloping plasmid VSV-G (Addgene, #12,260) in LentiX 293 T cells (Takara, # 632,180) using Lipofectamine 20 0 0 (ThermoFisher Scientiﬁc, #11,668,019). The
virus-containing supernatant was harvested after 48 h of incubation and brieﬂy centrifuged. Using the LentiX concentrator (Takara,
#631,232), lentivirus was concentrated (10 x) and then used for reverse transduction of U87 cells (U-87 MG, ATCC® HTB-14TM , LGC
Standards GmbH, Germany). The infection was carried out by seeding U87 cells at a density of 10 0,0 0 0 per 9.6 cm2 on top of previously dispensed lentivirus. U87 cells, stably expressing the reporter
construct were further selected with puromycin (3 μg ml−1 ) to obtain U87 non-clonal cell lines.

2.4. Scanning electron microscopy (SEM), energy dispersive X-ray
analysis (EDX) and X-ray photoelectron spectroscopy (XPS)
The samples were cut from the supporting mesh and placed on
SEM stubs. Resuspended and coated ﬁber fragments were pipetted on round glass slides and dried overnight under the fume
hood. All samples were sputtered (EM ACE600, Leica Microsystems,
Germany) with a 2 nm layer of platinum prior to analysis. Scanning
electron microscopy (Apreo Volumescope, FEI/ThermoScientiﬁc,
MA, USA) was used to analyze the morphology of the electrospun
ﬁber fragments as spun and after the coating procedures. High vacuum was applied with the Everhart-Thornley-Detector operating in
standard mode with an accelerating voltage of 2 kV and a working
distance of 10 mm. ImageJ (National Institutes of Health, MD, USA)
was used to determine the ﬁber diameters from SEM micrographs
with at least 100 measured features per sample. Energy Dispersive
X-ray analysis (EDX) and X-ray Photoelectron Spectroscopy (XPS)
were used to detect introduced nitrogen groups on the surface
of the fragments during the coating procedure. EDX was used in
low vacuum mode with an acceleration voltage of 1.0 kV. XPS was
performed with a VersaProbe III Scanning XPS Microprobe (Physical Electronics GmbH, Germany) using the monochromatised Al Kalpha beam with 100 μm beam size.
3
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2.8. Cell culture

electrospinning parameters that allow for reproducible ﬁber snapping were experimentally determined (Fig. 1A). Via SEM analysis
of electrospun PCL (45 kDa, 20%w/v in HFIP) we could classify
four different stages (Fig. 1B) showing deposited ﬁbers (0), necking (1), contraction (2) and snapping (3). We hypothesize, that as
soon as the ﬁber is deposited and the extensional forces within
the electric ﬁeld are gone, entropy elastic effects take over. In
other work, it was shown that electrospinning conditions, irrespective to molecular weight, solvent systems and concentration, have
no signiﬁcant impact on the degree of crystallinity of PCL [40].
Nevertheless, it is hypothesized that two competing effects take
place upon electrospinning. On the one hand, the fast evaporation of the solvent might result in reduced crystallinity as crystal nucleation kinetically needs time. On the other hand, there is
a pronounced stretching of the polymer solution, especially in the
whipping region leading to a high degree of molecular orientation.
The latter promotes crystallization resulting in anisotropic semicrystalline structures [41]. Molecular relaxation of this anisotropy
resulting in the build-up of internal stress was supposed to be
the origin of ﬁber snapping. To test our hypothesis, the impact of
MW on ﬁber morphology was analyzed via SEM-imaging (Fig. 2).
It could be shown that MW plays a crucial role in the fragmentation behavior as the length of the polymer chains determines
the degree of molecular entanglement. Short chains (10 kDa) resulted in electrospraying (Fig. 2A), as shown in the previous literature [42], producing spheres with a diameter of 11.1 ± 3.1 μm. In
medium MW PCL (45 kDa), the chains were long enough to form
a stable jet but could not withstand the subsequent entropy elastic
stress resulting in ﬁber fragments with a length of 54.9 ± 28.7 μm
and a diameter of 2.5 ± 0.6 μm, thus displaying an aspect ratio
of 22.5 ± 11.8 (Fig. 2B). Increased molecular entanglement in high
MW PCL (80 kDa) on the other hand resulted in continuous ﬁbers
with a diameter of 2.4 ± 0.3 μm (Fig. 2C). Furthermore, we could
clearly verify, that snapping happens after deposition of the ﬁbers
on the collector (Fig. S1) and could be promoted by electrospinning
free-hanging ﬁbers bridging the gaps of a micro-mesh substrate as
shown in Fig. 2.
Strikingly, based on our ﬁndings and the theory of entropy
elastically driven contraction, we were able to induce ﬁber snapping by blending high MW with low MW PCL, thereby balancing
out molecular entanglement to allow for snapping and simultaneously generating a stable jet by increasing the mean polymer chain
length. This scalable process happens at the same high speed as
regular electrospinning and therefore allows us to produce approximately 80 0 0 0 of these fragments per second per spinneret needle (Fig. S2 and Eq. S1-S3). SEM analysis (Fig. 3A) shows the results of blending 10 kDa / 80 kDa PCL at a ratio of 8:2 (Set 1) in
a 30%w/v solution, displaying short ﬁbers of 16 ± 7.8 μm, whereas
a ratio of 7:3 (Set 3) led to signiﬁcantly longer ﬁber fragments of
96.8 ± 46.7 μm. Comparing the ﬁber dimensions with 45 kDa PCL
fragments (Set 2), we were able to cover a broad range of fragment
sizes with well controllable aspect ratios (Fig. 3B).
Such entropy elastic effects were also described as the driving
force in context of thermally-induced shape recovery of electrospun c-PCL ﬁbers [43]. Particularly electrospun PCL ﬁbers display
pronounced chain relaxation and thus shrinkage when provided
with suﬃcient thermal energy [44]. Although PCL displays a glass
transition temperature of Tg ≈ −60 °C and thus at room temperature is high above glass transition, in our case, the solvent is predominantly responsible for chain mobility [45]. Consequently, the
period in which the ﬁber is deposited and still contains enough
solvent to allow for molecular relaxation is the only time in which
fragmentation can take place. A previous study demonstrated that,
unlike e.g. PET or PGA, PCL does not retain HFIP after electrospinning emphasizing the need of a very precise parameter set to allow
for snapping [46]. We hypothesize, that the short-term presence of

U87 cells and TdTomato-farnesyl expressing U87 reporter cells
were cultured in Minimal Essential Medium (MEM) (21,090–055,
Gibco, MA, USA) supplemented with 10% FCS (10,270–106 Life
Technologies, MA, USA), 1% Penicillin 50 U ml−1 , Streptomycin
50 μg ml−1 (15,140–122 Life Technologies, MA, USA), 1% 200 mM
GlutaMAX (35,050–038 Life Technologies, MA, USA), 1% 100 mM
sodium pyruvate (11,360–039 Life Technologies, MA, USA). Cells
were seeded in a density of 20,0 0 0 cells into the inner part of a
hollow cylinder (polytetraﬂuoroethylene) with an outer diameter
of 8.6 mm, inner diameter of 5 mm and a height of 10 mm placed
upon electrospun samples. Samples were incubated for 2 h at 37 °C
and 5% CO2 prior to removal of the hollow cylinder. Cells were kept
at 37 °C and 5% CO2 for 96 h following immunocytochemical staining.
2.9. Life/dead assay
Cells were grown on electrospun samples for 24 h in a density
of 30.0 0 0 cells. Samples were incubated for 30 min at 21 °C with
2 × 10−6 M calcein AM (green/living cells; Thermo Fisher Scientiﬁc, MA, USA) and 2 × 10−6 M ethidium homodimer I (red/dead
cells, Sigma-Aldrich, MO, USA) in 1x PBS. Right after Incubation
cells were imaged.
2.10. Immunocytochemistry
Cells were washed with 1x PBS, ﬁxed with 4% PFA/Sucrose for
15 min, following blocking with 5% normal goat serum and 0.1%
Triton-X100 for 30 min. Cells were incubated with ActinGreenTM
488 ReadyProbesTM Reagent (AlexaFluorTM 488 phalloidin, R37110,
Invitrogen Thermo Fisher Scientiﬁc, MA, USA, dilution 1:50 in 5%
NGS) for 1 h. After three washing steps cells were mounted with
Mowiol.
2.11. Live cell imaging
U87 cells were seeded on collagen coated vs non-coated 24wells in a density of 30.0 0 0 cells. The media was enriched with
and without free ﬂoating ﬁbers in a density of 1 mg/ml. After
2 h 24-well plate were placed into a zenCELL owl life cell imaging microscope (InnoME GmbH, Germany) for 3 days. Wells were
recorded every 17 min and cell coverage, number of adherent cells,
number of non-adherent cells and total number of cells for each
single culture well was monitored. Diagrams and videos of life cell
imaging were acquired using zenCELL owl software version 3.3.
2.12. Confocal microscopy and image processing
Images of immuncytochemical stainings were acquired using an
inverted Olympus iX81 microscope (Olympus Corporation, Japan)
equipped with diode lasers of 405 nm (DAPI), 473 nm (Alexa488),
559 nm (Cy3). All images shown were acquired using an Olympus
UPLSAPO 60x (oil, numerical aperture: 1.35) objective. Images of
Life/dead assay were taken using an inverted microscope (Olympus IX83, cellSens Software V1.16, Olympus Corporation, Japan).
ImageJ-software (National Institutes of Health, MD, USA) was used
for further image processing and counting of cells numbers [39].
3. Results and discussion
3.1. Fabrication of dumbbell shaped microﬁber fragments by
electrospinning
In this work, we identiﬁed a new phenomenon leading to fragmentation of PCL ﬁbers upon electrospinning. Initially, the ideal
4
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Fig. 2. SEM analysis of electrospun 20%w/v PCL (in HFIP) of different molecular weights (A = 10 kDa/ B = 45 kDa/ C = 80 kDa PCL) on a supporting PE mesh (mesh size
80 μm) as substrate. The resulting morphologies are classiﬁed as spheres (A), fragmented ﬁbers (B) and continuous ﬁbers (C).

Fig. 3. Comparison of SEM micrographs (A) of three different sets of PCL molecular weight blends, resulting in varying degrees of ﬁber snapping on the substrate mesh. Set
1 and Set 3 are composed of 30%w/v PCL blends in HFIP with 8:2 (Set 1) and 7:3 (Set 3) ratio (10:80 kDa), Set 2 is 20%w/v 45 kDa PCL in HFIP. The statistical evaluation (B)
of the generated morphologies is based on 100 measurements and showed an increase in diameter and length, and therefore in aspect ratio as well.

residual solvent, trapped in the ﬁber’s core enables molecular contraction resulting in stress and ﬁber breaking. This is further conﬁrmed by the fact, that low concentrations (10%w/v, 15%w/v) did
not result in ﬁber snapping. At the breaking point, the soft core
starts to creep and forms the energetically favorable conformation
of a sphere. Therefore, the ﬁber must be provided the freedom
to contract, which was given by spinning on the substrate mesh.
Furthermore, contact points of the ﬁbers on the mesh strands as
well as in between the ﬁbers prevent sliding and allow for formation of stresses leading to ﬁber breakage. Additional experiments,

in which the solutions were spun into an ethanol or water bath,
did not result in snapping, because the ﬁbers could evenly contract, and stress was released (data not shown).
Strikingly, although electrospinning of PCL was excessively studied within the last decades [41,47], to the best of our knowledge,
nobody has ever described this morphology before. Besides the
fact, that this procedure only works in a narrow parameter window, including voltage, distance, concentration, MW and solvent,
this might also be attributed to the broad variety of alternative
solvents that can be applied to dissolve PCL. Nevertheless, HFIP is
5
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Fig. 4. The presence of collagen ﬁbrils on the surface of the PCL fragments could be conﬁrmed by SEM analysis (A). ATR-FTIR Spectra of untreated PCL, collagen coated PCL
(PCL+Col) and pure collagen (Col) were recorded (B). The marked areas depict the amide A, amide I and amide II peaks that can be assigned to the presence of collagen on
the surface of the coated fragments. Contact angle measurements (C) of as spun PCL fragments (top), and collagen coated (bottom) samples, where no contact angle could
be measured.

known to display excellent Hansen’s solubility, a parameter that
was demonstrated to also play a crucial role for electrospray productivity and thus is believed to also promote the formation of the
here shown dumbbell-like ﬁber fragments [48].

(Fig. 4C). The detected reference contact angle for the sample supporting glass substrate was 27.6 ± 3.3° whereas untreated PCL ﬁber
mats resulted in a contact angle of 129 ± 1.0° The contact angle on
collagen-coated fragments could not be determined due to instant
wetting of the samples.
Summarizing these results, we could clearly demonstrate the
applicability of chemically coating PCL-dumbbells with collagen to
further assess their performance as a substrate for in-vitro cellculture.

3.2. Surface coating of the PCL ﬁber fragments with collagen
Numerous studies have demonstrated the beneﬁt of incorporating bioactive agents, that mimic ECM molecules, by blending
or coating of electrospun PCL-ﬁbers to enhance cell-performance
[49,50]. To show the applicability of such strategies for our approach, PCL-fragments were aminolyzed and collagen was chemically linked to their surface in a similar way as previously published by Zhu et al. [51]. Besides the positive biological impact of
collagen as a main component of the natural ECM, hydrophilization of the ﬁber fragments is desirable to enhance the suspendability in aqueous media – an aspect which might be highly relevant for later applications [52]. The ﬁber fragments were coated as
described in the experimental section. Subsequently, SEM imaging
was performed to exclude any interference of the chemical treatment on the dumbbell morphology. The results show that the overall structure remained intact and collagen ﬁbrils were exposed on
the surface (Fig. 4A). To further verify the presence of collagen,
ATR-FTIR analysis was performed referring to pure PCL and pure
collagen samples (Fig. 4B) showing the chemical modiﬁcation via
detectable surface groups. The characteristic bands for PCL at the
positions 2945 cm−1 and 2866 cm−1 for CH2 stretching, at 1720
cm−1 (stretching of carbonyl groups), at 1295 cm−1 (C–O stretching) and the C–O-C stretching at 1240 cm−1 and 1168 cm−1 can be
detected also in the coated sample (PCL+Col) displaying molecular integrity of PCL also after chemical treatment [50,53–56]. With
the collagen-coating (PCL+Col), additional peaks could be detected
at 3299 cm−1 , 1647 cm−1 and 1534 cm−1 , which are assigned to
the Amide A, Amide I and Amide II bands of collagen (Fig. 4BCol), conﬁrming successful coating [57]. Additional analysis applying XPS detected 5.9% nitrogen groups on the surface of the PCL
fragments after the coating procedure (0% nitrogen in uncoated
state), indicating that the chemical crosslinking was successful as
further conﬁrmed via EDX (Fig. S5 and S6).
Contact angle measurements showed a signiﬁcant decrease in
hydrophobicity of the PCL fragments by the coating procedure

3.3. Cell culture experiments
To test, whether PCL-ﬁber fragmentation affects the interaction
of cells with the collagen-coated PCL-ﬁber fragments of different
morphologies, we morphologically assessed U87 glioblastoma cells
using scanning electron microscopy (SEM). This revealed that cells
cultured on non-aligned continuous ﬁber constructs, even though
they were colonizing the surface, showed limited cell spreading
and tended to grow in clusters (Fig. 5A). Similarly, cells cultured
on aligned, continuous ﬁber constructs were not fully spread and
primarily grew in clusters (Fig. 5B), even though they showed an
alignment parallel to the PCL-ﬁber orientation. In contrast, cells
cultured on mixed morphologies consisting of aligned continuous ﬁbers and aligned fragments were well spread and homogenously covered the surface (Fig. 5C), suggesting that the presence
of fragmented ﬁbers improved the cell-collagen-ﬁber interaction.
In line with this, cells cultured exclusively on fragmented ﬁbers
showed the best spreading behavior and most even surface coverage (Fig. 5D). These data demonstrate that PCL-ﬁber fragmentation can considerably improve the interaction of cells by mimicking ECM contact possibilites with the ﬁber surface via the cell
adhesion through integrin-collagen interaction. Additional live cell
imaging experiments over the course of 3 days showed a high
aﬃntiy of U87 cells towards ﬁber fragments, actively adhering to
them, carrying them around and even forming clusters (Fig. S4,
movie ﬁles S8 and S9). Complementary live-dead assays (Figure
S3) displayed high cell viability of 98–99% after 24 h of cultivation
time, irrespective if seeded on the positive control of a collagen
coated cell culture plate or on collagen coated PCL-ﬁbers.
To investigate changes in cell morphology initiated by binding
of integrins following ﬁber induced changes in cell-morphology or
6
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Fig. 5. SEM analysis of U87 glioblastoma cells after 96 h cultivation on different morphologies of collagen-coated electrospun PCL substrates. The investigated morphologies
are random continuous ﬁbers (A), aligned continuous ﬁbers (B), mixed morphology with aligned, continuous ﬁbers and fragments (C) and non-oriented dumbbell shaped
fragments (D).

Fig. 6. PCL-ﬁber fragmentation promotes cell adhesion and spreading. (A) Confocal micrographs showing F-actin staining with PCL-autoﬂuorescence (upper panel, lower
panel asteriks) and tdTomato-farnesyl staining (middle panel) of U87 morphology reporter cells on constructs with mixed, aligned PCL-ﬁber morphology. Note elongated
morphology of cells in regions of fragmented ﬁber morphology (insert 1, asterisks) with robust protrusions extending along the ﬁbers (insert 1, arrows), as opposed to round
cell morphology in regions of continuous ﬁber morphology (insert 2, asterisk) with multiple, ﬁlopodia-like protrusions (insert 2, arrows). (B) Confocal micrographs showing
F-actin staining with PCL-autoﬂuorescence (upper panel; lower panel asterisk) and tdTomato-farnesyl staining (middle panel) of U87 morphology reporter cells on constructs
with non-aligned, fragmented PCL-ﬁber morphology. Note well spread cell morphology and multiple interactions of cells with the rounded ends of dumbbell-shaped ﬁber
fragments (insert 1, arrows), characterized by abundant plasma-membrane and F-actin staining.

cell migration, we used immuncytochemical staining of F-actin, following confocal microscopy. With this approach, sample preparation does not involve harsh drying procedures. Integrin-mediated
cell adhesion often results in cell spreading and the formation
of focal adhesions. To deepen the morphological assessment of
the cells, we generated lentivirally transduced U87 reporter cells.
These cells stably express tdTomato red-ﬂuorescent protein carrying a membrane-localizing farnesylation-signal, resulting in a red
ﬂuorescence of the cell membrane. Reporter cells were cultured
on mixed PCL-ﬁber morphologies and on fragmented ﬁber constructs, followed by ﬁxation and Alexa488-phalloidin labeling of

the actin cytoskeleton. F-actin staining determines the morphology of adherent cells and is controlled by integrin adhesion receptors activated by contact to collagen coated-ﬁbers. Analyzing Factin in combination with the red-ﬂuorescent membrane gives us
the possibility to study different cell morphologies due to lesser
or higher contact options to collagen leading to more contact
points and with that different cell morphologies. In reporter cell
cultures on mixed ﬁber-morphologies, those cells in regions with
fragmented ﬁbers, as assessed by PCL-autoﬂuorescence (Fig. 6A insert 1, asterisks), showed an elongated cell morphology with robust, F-actin-containing protrusions extending along the PCL-ﬁbers
7
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(Fig. 6A insert 1, arrows), indicating that the cells adhered well to
fragmented PCL-ﬁbers. In contrast, cells in regions with continuous ﬁbers (Fig. 6A insert 2, asterisk) were more rounded and displayed multiple, small, ﬁlopodial protrusions, indicative of an impaired cell-collagen-ﬁber adhesion (Fig. 6A insert 2, arrows). Consistent with our SEM-data, we observed that reporter cells cultured
exclusively on fragmented ﬁbers (Fig. 6B asterisks) showed the
most extensive spreading, possibly due to more pronounced contacts between collagen and cell-integrins. Importantly, cells often
showed multiple interactions with the rounded ends of PCL-ﬁber
fragments, that were associated with high F-actin ﬂuorescence intensity (Fig. 6B insert, arrows).
These ﬁndings suggest that the rounded ends of the dumbbellshape provide a particularly eﬃcient environment for integrinbased cell adhesions to the collagen-ﬁbers. It is possible that
their increased diameter leads to the best and maximal possible cell-integrin to collagen-dumbbell contacts. Our ﬁndings are
in line with previous reports demonstrating that substrate curvature has critical effects on cell adhesive processes [58,59]. Gingras and Ginsberg (2020) demonstrated that physical deformation of the plasmamembrane can result in integrin activation [60].
Consistent with this, Li et al. (2017) reported that substrate curvature in the low micrometer range controlled integrin activation, proliferative and cytoskeletal signaling, and angiogenic differentiation of human adipose derived stem cells [61]. Similarly,
Ozdemir et al. (2013) showed that RhoA-GTPase activation, actomyosin contraction, cell stiffening and osteogenic differentiation of
osteoprogenitor cells on PMMA-substrates was increased on electrospun PMMA-ﬁbers of low micrometer range diameter compared
to ﬂat surface substrates [62]. Hence, controlled fragmentation of
PCL-ﬁbers resulting in dumbbell-shaped fragments with deﬁned
lengths and rounded ends of tunable diameter may provide a possibility to eﬃciently harness substrate curvature effects for tailoring the cell adhesive properties of PCL-based tissue engineering
constructs.
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4. Conclusion
Supplementary materials
In this work, we could for the ﬁrst time demonstrate and
control the formation of dumbbell-like PCL-structures produced
by a simple electrospinning setup with a precisely balanced parameter set. Entropy-elasticity combined with the process-induced
anisotropic molecular arrangement is hypothesized to be the driving force behind ﬁber snapping. Based on these ﬁndings, MW of
PCL was identiﬁed to be crucial for the formation of such morphologies and could be applied to control the aspect ratio of ﬁber
fragments. Considering the fact, that such morphologies might be
appealing for cells as they display attractive micro-meter-range dimensions, in-vitro testing with U87 glioblastoma cells was performed. To render the surface biofunctional, collagen coating was
applied, moreover leading to hydrophilization and thus improved
suspendability of the fragments in water. Strikingly, it was shown
that particularly the round-shaped ends of dumbbell-like fragments provide highly eﬃcient structures for integrin-based cell adhesion. Although FDA-approved PCL is one of the most widely used
biopolymers in the biomedical ﬁeld and electrospinning is a popular method to process it into ﬁbers, to the best of our knowledge, this is the ﬁrst time such micro-dumbbells were systematically documented. Considering, that dumbbell-like structures combine morphological features of spheres and ﬁbers, this new class of
polymeric particles will be further explored as e.g. anisotropic ﬁller
material in biofabrication and cosmetics as well as in the ﬁeld of
injectables and drug delivery systems.

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.apmt.2021.101097.
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