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Abstract: Hierarchically structured polymeric fibers, composed of structural nanoscale motifs that
assemble into a microscale fiber are frequently found in natural fibers including cellulose and
silk. The creation of synthetic fibers with nano-to-microscale hierarchical structures represents a
promising avenue for the development of novel fabrics with distinctive physical, chemical, and
mechanical characteristics. In this work, we introduce a novel approach for creating polyamine-
based core–sheath microfibers with controlled hierarchical architectures. This approach involves a
polymerization-induced spontaneous phase separation and subsequent chemical fixation. Through
the use of various polyamines, the phase separation process can be manipulated to produce fibers with
diverse porous core architectures, ranging from densely packed nanospheres to segmented “bamboo-
stem” morphology. Moreover, the nitrogen-rich surface of the core enables both the chemisorption
of heavy metals and the physisorption of proteins and enzymes. Our method offers a new set of
tools for the production of polymeric fibers with novel hierarchical morphologies, which has a high
potential for a wide range of applications such as filtering, separation, and catalysis.

Keywords: hierarchical structures; nanospheres; jeffamine/glutaraldehyde reaction; electrospun
core–sheath fibers; microreactors; ouzo effect

1. Introduction

The ongoing advances in the ability to control the physical, chemical, and mechanical
properties of polymeric fibers, and the possibility to incorporate them with new technolo-
gies [1], enables the creation of fabrics with new features and properties including functional
fibers which can adsorb moisture [2], conduct electricity [3,4], and have biomedical applica-
tions [5]. Performance fabrics can exhibit high mechanical durability [6], self-cleaning [7,8],
anti-fouling [9], and even self-healing properties [10]. There are smart fabrics that can
sense their environment and change their features accordingly [11]. While many of the
properties described above emanate from the chemical structure of the polymer, in recent
years it has become evident that the geometrical architecture of the fiber, and in particular
the combination of micro- and nanoscale hierarchical geometrical features, plays a major
role in determining the physical, mechanical, and sometimes even the chemical properties
of the fiber [12].

The hierarchical geometrical structure and morphology are also highly significant
when considering the inner structure of polymeric fibers. The inner structure of the fiber can
have a major effect on a range of factors including the mechanical performance, wettability,
porosity, and chemical reactivity of the fiber [13]. The formation of a complex hierarchical
inner structure within the fiber, which combines different dimensions and scales, offers a
large specific area and many heterogeneous interfaces [14–18]. Such a hierarchical fiber
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structure is a common feature in many natural systems [19,20], and is also appealing for a
range of applications including fluid transport, separation and filtering, drug delivery and
encapsulation, tissue growth, energy storage, and catalysis [21–24]. However, affecting the
internal geometry is not trivial, as this part of the fiber is not exposed to the environment,
and hence its structure must be induced in the fabrication step, or rely on internal processes,
including phase separation or self-assembly, that can alter the morphology of the inner
domain of the fiber post-fabrication.

One of the most versatile methods for obtaining fibers in the nano-to-microscale is
electrospinning. In this approach, a polymer solution (or a melt) is dispensed through
a capillary, while a high voltage is applied between the capillary and a collecting con-
ductive surface. This results in the ejection of a fluid jet that is stretched and thinned as
it solidifies, forming fibers on the collecting surface [25–27]. Electrospinning provides a
range of methods for controlling the inner architecture of the system including electro-
hydrodynamic coaxial and side-by-side spinning [26,28], coaxial spinning with sacrificial
fillers [29], emulsion electrospinning [30], and post-fabrication in situ chemical and physical
modification [31,32].

Core–sheath electrospinning is one of the most common approaches for constructing
complex fiber architectures. In a typical core–sheath electrospinning process, the formation
of a solid sheath, mediated by rapid solvent evaporation from the surface of the fiber, occurs
first and precedes the solidification of the core. This provides a period in which the core
components are still in a dynamic liquid form that is confined within the walls of the solid
sheath. Reaching the final configuration of the core is much slower and is strongly affected
by the liquid attributes of the core at this stage, and in particular the liquid–solid surface
tension between the core and the solid sheath [28,32–34]. While in most cases the slow
solidification of the core leads to a standard core–sheath structure, a combination of strong
adhesion between the core and the sheath, accompanied by a large volume reduction of the
core, can lead to the formation of hollow fibers [33].

In this work, we introduce a new approach to the fabrication of highly porous core–
sheath microfibers and microcylinders with versatile hierarchical core architectures. The
fibers, which are made of a polyamine core embedded in a poly-lactic-co-glycolic acid
(PLGA) sheath, are collected over a gel matrix that contains glutaraldehyde (GA), a highly
potent crosslinker and fixation agent for amine moieties. Upon penetration of the GA into
the core, chemically induced spontaneous phase separation and chemical fixation occur
simultaneously. The nature of the phase separation, which depends on the polyamine
used and the spatial confinement, dictates the obtained core morphology, which can range
from densely packed nano-spheres to periodically segmented longitudinal compartments.
The nitrogen-rich environment of the core allows the spatial-selective binding of different
species to the core compartment, including the chemisorption of metal ions, as well as the
physisorption of enzymes. This, together with the highly porous morphology of the core
and its high specific surface area, paves the path for potential applications of such fiber in a
range of technological applications, including separation, filtering, and catalysis.

2. Experimental
2.1. Materials

Poly lactic-co-glycolic acid (PLGA) (lactide to glycolide ratio = 85:15; Mw = 50–75 kDa),
polyethylene glycol Mw ~1,000,000 Da (PEG-1 MDa), polyethylene glycol Mw ~5,000,000 Da
(PEG-5 MDa), trimethylolpropane tris[poly(propylene glycol), amine terminated] ether (Jef-
famine T-403), 3,3,5-trimethylhexamethylene-diamine (Jeffamine D-230), tetraethylenepen-
tamine (TEPA), poly(propylene glycol) bis(2-aminopropyl ether) average Mn ~2000 Da (Jef-
famine D-2000), chloroform, tetrahydrofuran (THF), dimethylformamide (DMF), visualizing
markers for CLSM poly[(m-phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene)]
(blue), fluorescein isothiocyanate (FITC), Tween 20, glutaraldehyde (GA) (50% in water so-
lution), catalase from bovine liver (lyophilized powder, 2000–5000 units/mg protein) and
ruthenium(III) chloride hydrate were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Cryosectioning medium, optimal cutting temperature (OCT) gel (Tissue-plus OCT compound,
Fisher Healthcare, Waltham, MA, USA) was purchased from Fisher Scientific (Waltham, MA,
USA). Nitric acid (70%), hydrochloric acid (36%), and hydrogen peroxide (30%) were all
purchased from BioLab (Toronto, ON, Canada). Sodium phosphate dibasic heptahydrate and
sodium phosphate monobasic monohydrate were purchased from J.T. Baker (Phillipsburg,
NJ, USA). All the materials were used as bought, without further purification. Phosphate
buffer (PB) (0.1 M, pH 6) was prepared by dissolving 3.67 g of sodium phosphate dibasic
heptahydrate and 11.91 g of sodium phosphate monobasic monohydrate in 1 L of water.

2.2. Spontaneous Phase Separation in Solutions

The phase separation and fixation that occurred during the reaction between the
polyamine and the GA were examined using a light microscope. A droplet of polyamine
(Jeffamine T-403/Jeffamine D-2000/TEPA) was placed on a glass slide. Next, a droplet
of 50% GA in water solution was slowly injected onto the glass slide in proximity to the
polyamine droplet, until the two droplets came into contact. As a control, the process was
repeated with polyamine and DI water droplets. The interface between the two solutions
was monitored and examined microscopically using an inverted bright-field microscope.

2.3. Jetting Solutions

For all the solutions described below, the concentrations are given in the polymer’s
mass to solvent’s volume (in g/mL). PLGA solution for the sheath was prepared by
dissolving 0.400 g PLGA in a mixture of 0.500 mL THF and 0.500 mL DMF (1:1 v/v). A
trace amount of the blue visualizing marker was added to the solution. A jetting solution
of PEG/polyamine for the core was prepared by dissolving 0.025 g PEG (Mw ~1 MDa),
0.025 g PEG (Mw ~5 MDa), and 0.500 g polyamine (either Jeffamine T-403, Jeffamine D-230,
Jeffamine D-2000, or TEPA) in 1.000 mL chloroform. OCT/GA gel was prepared by mixing
OCT with a solution of GA in deionized water (50%) in a ratio of 3:1 v/v.

2.4. Fiber Electrospinning

The experimental setup contained two syringe pumps (New Era), a power supply (DC
voltage source, Gamma High Voltage Research, Ormond Beach, FL, USA), and a rotating
drum collector. The PLGA and PEG/polyamine solutions were dispensed via a metallic
coaxial core (23-gauge)–sheath (14-gauge) needle (Ramé-Hart, Succasunna, NJ, USA). Both
the core and the sheath solutions were dispensed at a constant flow rate of 0.150 mL/h. A
driving voltage of 1.5–4 kV resulted in a stable jet and the core–sheath fibers were collected
over a collecting drum covered with a homogeneous layer of OCT/GA gel with a thickness
of ~2 mm, at a tip-to-ground distance of 14 cm and a drum rotating speed of 60 rpm.

2.5. Cryosectioning

The OCT/GA layer containing the jetted fibers was dried while rotating overnight.
Next, the dried OCT sample was embedded into OCT gel in a cryomold. The embedded
sample was frozen and cryo-sectioned using a cryostat (Leica CM3050 S, Leica, Wetzlar,
Germany). The cryo-sectioned fibers in the OCT gel were then suspended in Tween 20
solution (0.01% v/v in water) and the OCT was dissolved by a gentle rocking of the sample
overnight. The sectioned fibers were separated from residuals of OCT and GA gel by five
successive steps of washing and centrifugation. The clean sectioned fibers were kept in
a known volume of Tween 20 solution (0.01% v/v in water) and their concentration was
calculated using a hemocytometer (in particles per mL units). The analysis of the sectioned
fibers was performed using a scanning electron microscope (SEM) (Zeiss GeminiSEM 300,
Zeiss, Jena, Germany) in a high vacuum (WD ~5 mm; 2–3 kV), and by confocal microscopy
(Olympus IX83, Olympus, Tokyo, Japan).
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2.6. Metalions Adsorption

The chemisorption of metallic ions to the microcylinders was conducted and an-
alyzed in the following procedure: 200 µL of microcylinders, with a concentration of
3.50 × 105 microcylinders per mL, were gently mixed overnight with 1 mL of 0.1 M metal
ions solution. The microcylinders were then washed with Tween 20 solution (0.01% v/v in
water) several times to remove unbound ions.

The spatial distribution of the adsorbed metal ions along the particles was examined
using energy dispersive spectroscopy (EDS) (X-Flash 6/60, Bruker, Billerica, MA, USA).
The average loading of metal per particle was obtained using inductively coupled plasma
mass spectrometry (ICP-MS) (ICP-MS 7800, Agilent, Santa Clara, CA, USA). For this
measurement, a sample of microcylinders with adsorbed metal ions was dried under a
vacuum overnight and then weighed. A mixture of water, nitric acid (70%), hydrochloric
acid (36%), and hydrogen peroxide (30%) in a ratio of 2:1:3:1 was added to the sample. The
sample was digested in a microwave oven which heated the sample from RT to 180 ◦C for
20 min and was kept at 180◦ C for 35 min, followed by a cooling process to RT. Next, the
sample was diluted to a 50 mL total volume with water and further diluted 1000 times with
2% nitric acid. The mass percentage of the metal in the sample was measured.

2.7. Enzyme Immobilization and Activity Testing

Catalase was physisorbed to the microcylinders in the following procedure: 200 µL
of microcylinders with a concentration of 3.00 × 105 microcylinders per mL were gently
mixed overnight with 300 µL of enzyme solution (~1.5 mg/mL in a pH 6 phosphate buffer)
and 500 µL of pH 6 phosphate buffer. The microcylinders were then washed with Tween
20 solution (0.01% v/v in water) several times to remove the unbound enzyme. The activity
of the immobilized catalase was examined using a light microscope. A droplet of the
catalase-immobilized microcylinders was placed on a glass substrate. Next, a droplet of
Tween 20 (1% v/v in water) was placed on top of the microtubes and then another droplet
containing the enzyme’s substrate, hydrogen peroxide (~1.5% v/v in water), was added.
The enzyme decomposed the hydrogen peroxide to water and oxygen gas, and oxygen
bubbles were ejected from the edges of the microcylinders.

3. Results and Discussion

While the external architecture of a fiber is exposed and can be manipulated in a range
of chemical, physical, and even mechanical means, a realization of a hierarchical inner struc-
ture within fibers is much more complex and calls for an approach that will spontaneously
induce the desired morphology and architecture in a bottom-up manner. In this work, we
utilize the coupling of spontaneous self-emulsification to a rapid chemical crosslinking that
arrests the phase-separated morphology, as a novel approach for constructing microscale
fibers with complex hierarchical inner structures.

To achieve this task, we chose a system that consists of the polyamine trimethy-
lolpropane tris[poly(propylene glycol), amine terminated] ether (Jeffamine T-403) and
glutaraldehyde (GA) in water, taking advantage of the high reactivity of GA with amine
groups. Figure 1a and Movie S1 demonstrate the self-emulsification process, also known as
the “Ouzo Effect” [35,36], at the interface of a droplet of Jeffamine T-403 and a droplet of
GA in water, taken using bright-field microscopy. Upon the formation of an interface, the
Jeffamine T-403 phase penetrates the GA/water phase, and microdroplets are vigorously
produced. The emulsification process is accompanied by the crosslinking of the Jeffamine T-
403 molecules by their reaction with GA. The reaction between the Jeffamine T-403 and GA
molecules results in the formation of a highly crosslinked polymeric network. While the ex-
act binding scheme of the GA with amines is still not fully understood, it can lead to a range
of nitrogen-containing species including amines, imines, and even nitrogen-containing
heterocyclic groups [37]. Regardless, the reaction leads to a strong and wide emission
band (Figure S1), indicative of the formation of a conjugated system [38,39]. Interestingly,
Jeffamine T-403 is miscible with water (Movie S2), hence we believe that crosslinking also
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plays a major role in the emulsification process through the formation of the Jeffamine
T-403-GA polymeric network, which is less soluble in water and leads to phase separation.
As the reaction progresses, the formed Jeffamine T-403-GA polymeric network droplets
are fully crosslinked into solid nano- and microspheres, clearly seen when the residue is
examined in the scanning electron microscope (SEM) (Figure 1b). It should be noted, that
unlike many cases in which the emulsification precedes the polymerization [40–43], we
believe that here polymerization is a crucial step towards spontaneous emulsification.

Utilizing this phase separation and solidification scheme inside the polymeric fibers
requires maintaining the phases in their liquid form without losing the structural attributes
of the fiber. To achieve this, we used a core–sheath architecture in which the sheath solution
is composed of hydrophobic poly lactic-co-glycolic acid (PLGA) dissolved in a mixture
of tetrahydrofuran (THF) and dimethylformamide (DMF) (1:1 volumetric ratio). The core
is composed of Jeffamine T-403, polyethylene glycol Mw ~5,000,000 Da (PEG-5 MDa),
and polyethylene glycol Mw ~1,000,000 Da (PEG-1 MDa) (20:1:1 by weight) dissolved
in chloroform. The PEG significantly increases the viscosity of the solution, and the
entanglement of its chains provides a polymeric scaffold that also pulls the relatively small
Jeffamine T-403 molecules. The two solutions were jetted simultaneously through a co-axial
metallic needle in a core–sheath configuration. When voltage was applied between the
needle and the collector, the system formed a stable jet, and fibers with a core–sheath
configuration, dictated by the structure of the needle, were formed. The fabrication process
is schematically depicted in Figure 2.

To introduce the GA, optimal cutting temperature (OCT) gel was mixed with a solution
of 50% GA in water in a volume ratio of 3:1 immediately before use. The relatively viscous
gel was evenly smeared over the rotating drum, and the fibers were collected over the
rotating drum in an aligned fashion along the direction of the rotation and embedded in
the gel. Already a few minutes after the embedding of the fibers in the OCT/GA gel, their
color changed from colorless to red, indicative of the reaction between the Jeffamine T-403
and the GA. The OCT gel, composed of water-soluble glycols and resins, was allowed to
dry on the rotator overnight, forming a thin dry film embedded with the fibers. The dry
OCT film containing the aligned fibers was either dissolved in water to release the intact
fibers or further embedded in OCT, frozen, and cryo-sectioned. The sectioned samples
were then immersed in a Tween 20 solution (0.1% v/v in water) to remove the excess OCT
through repeated washing and centrifugation cycles, resulting in clean microcylinders with
well-defined lengths.

Figure 3a shows a typical SEM image of microcylinders obtained from a cryo-sectioned
fiber. The obtained microcylinders exhibit a “pixie stick” architecture that is composed of a
dual-layered sheath filled with densely packed nano- and microspheres. The mean outer
diameter of the fibers is 16.3 ± 1.9 µm, while the mean inner diameter is 12.1 ± 1.8 µm
(Figure S2). The spheres can be divided into two populations: the majority (90%) of the
spheres are in the nanoscale range and exhibit a Gaussian size distribution with a mean
diameter of 475 ± 157 nm; 10% of the spheres have a diameter in the range of 1.0–2.5 µm,
with a mean diameter of 1660 ± 398 nm (Figure S3).
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Figure 1. (a) Time lapse of the spontaneous emulsification process of Jeffamine T-403 (Left Phase) 
and GA in water (50%) (Right Phase), showing the formation of spontaneous emulsification at the 
interface between two droplets of the liquids. (b) SEM image of the resulting residue, showing the 
formation of nano- and microspheres. 

Figure 1. (a) Time lapse of the spontaneous emulsification process of Jeffamine T-403 (Left Phase)
and GA in water (50%) (Right Phase), showing the formation of spontaneous emulsification at the
interface between two droplets of the liquids. (b) SEM image of the resulting residue, showing the
formation of nano- and microspheres.
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Figure 2. A schematic illustration of the fabrication process. The core solution (in green) contains 
PEG + Jeffamine T-403, and the shell solution (in blue) contains PLGA. The two solutions are injected 
simultaneously to achieve a core−sheath structure and are collected on a rotating drum covered with 
OCT and GA (left). After the fabrication of the fibers, they are cryo-sectioned into microcylinders 
with a defined length (right). 

 
Figure 3. (a) SEM micrograph of typical cryo-sectioned “pixie-stick” fibers showing the outer 
(PLGA) and inner (PEG + Jeffamine T-403) sheaths and the nano- and microspheres at the core. Inset 
shows a magnification of the nanospheres. (b) EDS elemental analysis of a sectioned fiber showing 
excess nitrogen in the core (in yellow) and oxygen in the sheath (cyan), while carbon is homogene-
ously distributed in the entire fiber (purple). (c) CSLM cross-sections along a representative sec-
tioned fiber immersed in water with green-emiĴing FITC. The outer PLGA sheath is depicted in 

Figure 2. A schematic illustration of the fabrication process. The core solution (in green) contains
PEG + Jeffamine T-403, and the shell solution (in blue) contains PLGA. The two solutions are injected
simultaneously to achieve a core−sheath structure and are collected on a rotating drum covered with
OCT and GA (left). After the fabrication of the fibers, they are cryo-sectioned into microcylinders
with a defined length (right).
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Figure 3. (a) SEM micrograph of typical cryo-sectioned “pixie-stick” fibers showing the outer (PLGA)
and inner (PEG + Jeffamine T-403) sheaths and the nano- and microspheres at the core. Inset shows a
magnification of the nanospheres. (b) EDS elemental analysis of a sectioned fiber showing excess
nitrogen in the core (in yellow) and oxygen in the sheath (cyan), while carbon is homogeneously
distributed in the entire fiber (purple). (c) CSLM cross-sections along a representative sectioned fiber
immersed in water with green-emitting FITC. The outer PLGA sheath is depicted in blue (top left),
the crosslinked Jeffamine T-403-GA microspheres and the inner sheath in red (top right), the water in
green (bottom left), and the overlay (bottom right).
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Energy dispersive spectroscopy (EDS) elemental analysis of the fiber’s cross-section
(Figure 3b) shows that there is a higher concentration of nitrogen in the center of the fiber
and the inner sheath, while a higher concentration of oxygen is observed in the outer
sheath. As expected, carbon is homogeneously distributed in the fiber. This confirms
that the spheres are composed of Jeffamine T-403, which is the only nitrogen-containing
species in the system, while the outer sheath, composed mainly of PLGA, contains a high
concentration of oxygen. It should be noted that the EDS is not quantitative because the
samples were produced and handled in an atmospheric environment and, therefore, they
absorb nitrogen and oxygen from the air.

To further characterize the composition and morphology of the fibers, we used confocal
laser scanning microscopy (CLSM) imaging. To identify the compartment containing
PLGA, a blue-emitting polymeric fluorophore was added to the PLGA solutions before
the electrospinning process. As mentioned above, the product of the Jeffamine T-403–GA
crosslinking exhibited strong and wide emission, with a peak at a wavelength of 561 nm,
and was traced in the red channel. To examine the porosity between the spheres in the
core and the percolation, the system was immersed in water that contained green-emitting
fluorescein isothiocyanate (FITC), which was traced in the green channel. The fibers were
subsequently imaged, and the spatial distributions of the different fluorophores were
obtained (Figure 3c). The CLSM image reveals the existence of an outer sheath composed of
PLGA (in blue) and an inner sheath that is made of Jeffamine T-403/PEG (in red). The nano-
and microspheres can be seen within the inner sheath (in red). Examining the percolation
of water (in green) indicates that most of the voids around the spheres are interconnected
and can be accessed by the water. Furthermore, in some cases, a gap exists between the
inner and outer sheaths, which is also observed in the SEM, and the water can penetrate
this gap as well.

To examine the effect of the concentration of GA in the OCT gel on the formation of the
hierarchical structure, four different GA concentrations in the gel were tested: no GA, 1%,
6%, and 12%. When no GA was used, the core solution did not solidify, and hence upon
sectioning and washing, tubular particles were obtained (Figure S5A). In the case of 1% GA,
tubular microparticles were formed, with spheres covering mostly the luminal walls of the
tubes (Figure S5B). This shows that the emulsification and crosslinking of the core occur first
at the core–sheath interface, thus indicating that the process evolves via a slow penetration
of the GA through the shell towards the center of the core. At higher concentrations, the
obtained microcylinders were filled with nano- and microspheres, indicating a full reaction
of the core with the GA (Figure S5C,D).

Based on these results, we propose the following scheme for the formation of the “pixie
stick” architecture. As the fibers are formed, initially the outer PLGA sheath solidifies,
accompanied by the formation of an inner sheath of PEG with traces of Jeffamine T-403,
in accordance with the process described before for PEG/polyester systems [32,33]. A
liquid Jeffamine-rich phase remained in the core. Once the fiber is immersed in the GA-
containing gel, GA slowly penetrates the core either by diffusion or through small cracks in
the solid PLGA sheath. As the GA penetrates the fiber, it first reacts with the PEG-Jeffamine
T-403 sheath and further solidifies it, but also leads to its shrinking, which induces the
formation of a well-defined boundary and separation from the outer PLGA shell. As the
GA continues to penetrate, it induces spontaneous emulsification in the liquid Jeffamine
T-403 core, resulting in the formation of the spheres.

In this scheme, the gel-collecting medium has several roles. Most trivially, it acts as
a large reservoir for the GA. The embedding of the fibers in the gel also decreases the
evaporation rate of the solvents, thus keeping the core in a liquid phase and the shell
prone to diffusion. Lastly, it acts as a stress-relieving scaffold that eliminates interfacial
stresses, which occur in the fiber/collector and fiber/air interfaces, and thus preserves
the circular cross-section of the fiber despite its soft inner core. Interestingly, introducing
the GA/water phase directly on top of dry fibers of similar composition collected on a
bare substrate resulted in fibers with a standard core–sheath architecture with a slightly
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oblate cross-section, and the penetration of the GA and its reaction with the Jeffamine T-403,
indicated by the appearance of a red color, took several days instead of a few minutes in
the case of a collection into the gel.

The high porosity of the Jeffamine T-403 fibers makes them excellent candidates for
the adsorption of different species, especially because of the nitrogen-rich chemistry of the
core. For example, imine and pyridine groups can form complexes with transition metals.
To examine the capability to utilize the system for metal adsorption, we used ruthenium as
a case study because it has a high tendency to form complexes with a range of nitrogen-
containing species [44,45]. The sectioned fibers were added to a solution of the metal ions
(RuCl3, 0.1 M) and incubated overnight. Next, the solution was repeatedly centrifuged and
washed with Tween 20 solution (0.1% v/v in water) to remove the excess ions that were not
chemisorbed to the microparticles. After incubation with the ruthenium, a clear change
in the color of the particles was observed, changing from orange to black (Figure 4a(I,II)).
The adsorption of the ruthenium was examined in EDS to identify the position of the
adsorbed metal, and the traces of ruthenium were mainly identified in the core of the fiber
(Figure 4a(III)). The amount of ruthenium adsorbed per mass of particles was analytically
determined using inductively coupled plasma mass spectrometry (ICP-MS), indicating 10%
ruthenium by weight. Given a particle’s average length of 50 µm and an outer diameter of
16 µm, the amount of ruthenium adsorbed per length is 6.8 µg/m (the mass per volume is
33 mg/mL). The full analysis is summarized in the Supplementary Material Section S6.
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Figure 4. (a) Bright-field micrograph of a crosslinked Jeffamine T-403 containing microcylinder before
(I), and after (II) immersion in a solution of 0.1 M RuCl3 in water. The color of the microparticle
became much darker, indicating the adsorption of Ru3+ ions. (b) SEM image of the cross-section of a
microcylinder after adsorption of Ru3+ (top), the corresponding EDS mapping of ruthenium (middle),
and an overlay of the two (bottom). (c) Bright-field micrograph of a catalase-modified crosslinked
Jeffamine T-403 microcylinder upon immersion in hydrogen peroxide solution (1.5% in water). Jets of
bubbles emerge from both sides of the microcylinder, indicating that the disproportionation reaction
is catalyzed selectively inside the cylinder.

The nitrogen-rich environment is also an effective agent for selective physisorption
and the non-covalent binding of proteins and enzymes. To explore this, we examined
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the binding of the enzyme catalase, which catalyzes the disproportionation of hydrogen
peroxide (H2O2) to water and oxygen. The microcylinders were incubated with a solution
of catalase in a phosphate buffer (PB), followed by the removal of the excess unattached
enzyme by successive washing and centrifuging cycles until the supernatant showed no
enzymatic activity. Upon immersing the cleaned microcylinders in a solution of 1.5%
hydrogen peroxide in water, a significant ejection of oxygen bubbles from the edges of
microcylinders was observed, accompanied by a circular motion of the microcylinders in
the water (Figure 4b and Movie S3). Bright-field microscopy examination shows that the
formation of the oxygen bubbles is initiated inside the core of the microcylinders, and the
bubbles propagate towards the edges, where they are excreted out of the particle. The
regioselectivity of the catalysis indicates the selective adsorption of the enzyme to the
nanospheres located at the core, and the high reactivity even at low H2O2 concentrations
shows the high binding efficiency to the core.

Finally, we examined the extension of this approach to other polyamines by replacing
Jeffamine T-403 with other polyamines including tetraethylenepentamine (TEPA), 3,3,5-
trimethylhexamethylene-diamine (Jeffamine D-230), and poly (propylene glycol) bis (2-
aminopropyl ether), with an average Mn ~2000 Da (Jeffamine D-2000). In the case of TEPA,
which is smaller than Jeffamine T-403 and has five amine sites, for the bulk solutions we
observed a similar phase separation process as for Jeffamine T-403, yet the spontaneous
emulsification process was much slower (Figure S6 and Movie S4). SEM and CLSM images
of the obtained fibers indicate that the core forms a coral-shaped morphology made of a
combination of longitudinal thin pillars and spheres (Figure 5a). In the case of Jeffamine
D-230, which has a high chemical resemblance to Jeffamine T-403, but only two amine
sites, the obtained morphology resembles that of Jeffamine T-403, but the spheres were less
smooth and the overall density of the spheres in the core is lower, probably due to less
efficient crosslinking (Figure 5b).
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Figure 5. Cryo-sectioned fibers containing (a) TEPA, (b) Jeffamine D-230, and (c) Jeffamine D-2000.
Lower panels show for each fiber (from left to right) a CLSM cross-section of the different fibers
(crosslinked multi-amine emission is depicted in red), the bright-field micrograph, and the overlap
of the two. (d) The CLSM cross-section of an entire crosslinked Jeffamine D-2000 fiber (left), its
bright-field micrograph (middle), and an overlay of the two (right).

In the case of Jeffamine D-2000, which has a much larger molar weight and hence
a significantly lower solubility in water, the bulk phase separation process substantially
differed from that of the small polyamine molecules (Figure S7 and Movie S5). In this
case, the two phases formed a clear interface, and a reverse emulsion of water in Jeffamine
D-2000 was obtained through the rapid formation of water microdroplets at the interface,
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which penetrated the Jeffamine D-2000 phase. Over time, the microscale water droplets con-
densed and solidified together to form a solid bulk-crosslinked phase within the Jeffamine
D-2000 phase.

The clear phase separation of the two phases was also observed in the fibers with
Jeffamine D-2000 in the core. However, when combined with the confinement of the
phases in the core, this led to a unique segmented morphology that resembles a bamboo
stem, where the core separates to distinguished longitudinal solid segments of crosslinked
Jeffamine D-2000, separated from each other by voids, as can be seen in a cross-section of
the fibers obtained through confocal imaging (Figure 5c,d). Analysis of the confocal images
indicates that the segments and voids are of similar lengths of ~16 µm (Supplementary
Material Section S4).

This unique segmented morphology highly resembles the fragmentation of surface-
deposited polymeric fibers upon drying, and hence we believe the two systems share
similarities in the segmentation mechanism [46]. Such segmentation is a result of two
opposing stresses that are formed in the fiber throughout the solidification stage. In
our case, the opposing forces occur throughout the phase separation and solidification
processes: the crosslinking of the Jeffamine D-2000 leads to the shrinking of the core phase
and to a reduction of its volume, while the interfacial adhesion of the Jeffamine D-2000
solution to the sheath, induced by the confinement, opposes the shrinking process. The
combination of these two opposing forces, together with the phase separation process,
results in higher shrinking in the middle of the core with respect to the core–sheath interface,
and the difference in shrinking between the interface and the center of the core leads to a
buildup of internal stress in the core. While direct observation of the segmentation process,
which might have led to a better understanding of the process, cannot be facilitated because
the fibers are immersed in the gel and cannot be visualized throughout the process, a strong
indication for this mechanism can be obtained from SEM images of the sectioned fibers and
from confocal images (Figure 5c,d), which show that the edges of the solid segment across
the fiber are relatively concave.

4. Conclusions

In this work, we present a new approach that combines the spontaneous phase separa-
tion of polyamines conjugated with chemical fixation as a synthetic route for the formation
of polymeric core–sheath fibers with a controlled hierarchical multilevel structure. By
changing the polyamine molecules, different phase separation schemes can be achieved
and fibers with diverse porous core architectures, including densely packed nanospheres,
coral-like, and segmented morphologies, can be obtained. The nitrogen-rich surface of
the core was demonstrated to enable the chemisorption of the heavy metal ruthenium, as
well as the physisorption of proteins and enzymes, making it a potent system for filtering
and sensing applications. The obtained results demonstrate the engineering of the core of
electrospun polymeric fibers through in situ chemical and physical processes that modify
the architecture, and consequently the properties of the fibers. This is enabled by the
collection of the fibers into a sacrificial gel matrix, which preserves the fiber’s contour and
induces the chemical process. The scheme demonstrated here can be extended to other
spontaneous emulsification systems, opening a path for more complex hierarchical fibers
with new and exciting properties, and a high potential for a range of applications, including
filtering and catalysis, in the near future.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/polym15112537/s1: The emission profile of amine-GA (Figure S1),
size distribution of the outer and inner diameters of Jeffamine T-403 fibers (Figure S2), size distribution
of the nano- and microspheres of Jeffamine T-403 fibers (Figure S3), size distribution of the Jeffamine
D-2000 segments and the gaps between them in Jeffamine D-2000 fibers (Figure S4), effect of GA
concentration on the core’s architecture (Figure S5), calculation of the mass of ruthenium adsorbed
per length or volume units, phase separation in the bulk solutions of Tepa (Figure S6) and Jeffamine
D-2000 (Figure S7) with GA (50% in water). (PDF), self-emulsification process at the interface of
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Jeffamine T-403 and GA droplets (Movie S1), solubility of Jeffamine T-403 in water at the interface
of Jeffamine T-403 and water droplets (Movie S2), the disproportionation of hydrogen peroxide by
immobilized catalase in the microcylinders (Movie S3), self-emulsification process at the interface of
TEPA and GA droplets (Movie S4), and the self-emulsification process at the interface of Jeffamine
D-2000 and GA droplets (Movie S5) (MP4). Calculation of the average concentration of ruthenium in
a fiber (Table S1).
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