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A B S T R A C T

Melt electrowriting (MEW) is mostly applied to print complex three-dimensional (3D) structures using tradi-
tional, relatively hydrophobic polymers, such as polycaprolactone. Here, we 3D printed a supramolecular hy-
drophilic polymer into a solid micrometer-sized fiber structure, solely held together via non-covalent interac-
tions. Interestingly, the solid fibers showed anisotropic swelling in a humid environment as demonstrated by the
longitudinal and transverse surface strain determined using a novel global digital height correlation algorithm.
This anisotropy in swelling is proposed to originate from a shear-induced orientation of crystals packed into
lamellae as shown with small-angle x-ray scattering measurements. The MEW fibers were dried after swelling to
study structural differences. Remarkably, no differences in nano-structural conformation in the micrometer-sized
fibers was observed after swelling and subsequent drying. In conclusion, a free-standing supramolecular
polymer-based hydrogel scaffold, displaying anisotropic hygro-expansion, is shown to be produced using MEW.
This unique combination of 3D printing, via a top-down approach, and supramolecular polymer chemistry, via a
bottom-up approach, provides new ways to introduce anisotropy and hierarchy in aqueous supramolecular
systems. This will open the door towards even more complex hierarchical structures with unprecedented
properties.

1. Introduction

Hydrogels are a class of materials often used in various biomedical
applications [1–3]. These applications have been repairing and re-
generating soft tissues using hydrogel scaffold matrices because of their
3D network and often (visco-)elastic properties, which are similar to the
properties of native tissue. Dynamic and responsive hydrogels are
promising candidates that can mimic the native extracellular matrix of
tissues providing a physical environment in which cells can reside and
communicate [4–7]. Synthetic supramolecular hydrogels are connected
through directed non-covalent interactions, such as hydrogen bonds or
electrostatic interactions to create dynamic networks, in a similar way

as the self-assembly in living systems [8]. Supramolecular polymers
contain extraordinary mechanical, processable, responsive, modular
and tunable properties to improve the functionality of traditional bio-
materials [9,10]. To form supramolecular hydrogel networks, ureido-
pyrimidinone (UPy) based on quadruple hydrogen bonding were tele-
chelically coupled to poly(ethylene glycol) (PEG) chain. Consequently,
these UPy-PEG polymers have shown to form supramolecular transient
networks in water owing to fiber and concomitant bundle formation
originating from the stacking of fourfold hydrogen bonded UPy-dimers
(see Fig. 1) [11–13]. The lateral stacking into these long 1D fibers is
driven by a combination of hydrophobic effects, π-π interactions and
hydrogen bonding. The urea groups introduced in the hydrophobic
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alkyl spacer are proposed to form hydrogen bonds, and in conjunction
with the alkyl spacers shield the UPy-moiety from water. The UPy-
moieties and the hydrophobic spacer induce phase segregation from the
polymer PEG backbone to form interstack interactions, which is the
driving force for nanofiber formation. We have shown that these UPy-
PEG hydrogelators can be conventionally formulated as function of
hydrogelator concentration, temperature and the pH of the solution (i.e.
the sol–gel transition occurs from basic to neutral/acidic condition)
[11,12,14].
Here, we use a new methodology to create hierarchical supramo-

lecular hydrogels from the melt into a solid scaffold using 3D printing.
Subsequently, these solid UPy-PEG scaffolds are subjected to an aqu-
eous environment to provide swelling. Various 3D printing techniques
have been explored in order to produce complex mesoscale functional
scaffolds [15–22]. However, the most well-established extrusion-based
printing techniques are limited to resolutions of a few hundred micro-
meters. Recently, melt electrowriting (MEW) was introduced as a pro-
mising 3D printing technique able to create fiber scaffolds with micro-
and sub-micrometer resolutions [23–25]. The electrified polymer melt
is extruded by pressure and high-voltage on a computer controlled
collector plate [25]. In recent years, strategies to control the electrical
field during MEW has been studied in order to develop novel geome-
tries with sub-micrometer range and desired inter-fiber spacing [26].
Tubular [27], ultrastretchable [28,29], mechanical reinforced and sta-
bilized [30,31], multimodal and multiphasic microstructures [32–35]
have been produced.
Currently, the relatively hydrophobic polymer poly(caprolactone)

(PCL) is often used to produce MEW scaffolds due to ease of processing
of the polymer. It remains a challenge to use hydrophilic polymers for
MEW, owing to limited conductivity of the material. The dielectric
constant regulates whether an electrified polymer melt is guided to the
collector, which makes the printing of non-conductive materials into a
controlled geometry very challenging. Additionally, hydrophilic poly-
mers attract water from the air, which result in electric spark or

repulsion during printing. Only a few examples are disclosed with the
production of relatively hydrophilic scaffolds have been explored using
various strategies in combination with MEW to use for hydrophilic drug
encapsulation [33,36,37]. MEW of PCL blends with amphiphilic diblock
copolymers consisting of poly(ethylene glycol) (PEG) and PCL segments
have been tuned to fabricate hydrophilic drug loading scaffolds [37].
Post-modification of a MEW PCL scaffold with isocyanate functiona-
lized poly(ethylene oxide-stat-propylene oxide) was used as strategy to
increase hydrophilic properties to reduce unspecific protein adsorption
and cell adhesion [38]. In addition, poly(2-ethyl-2-oxazoline) was used
to produce hydrophilic MEW scaffolds [39].
Introduction of crosslinks using via Diels-Alder click chemistry after

processing yielded scaffolds that rapidly swell in water [40].
Here, we apply MEW, via a top-down approach, and supramolecular

polymer engineering, via a bottom-up approach, to develop stable and
free-standing supramolecular hydrogel scaffolds. We show that these
supramolecular hydrogel scaffolds anisotropically swell due to aniso-
tropic polymer crystallization. Importantly, the swelling behavior is
analyzed in detail using a novel full-field method in combination with a
global digital height correlation (GDHC) algorithm [41,42]. In this way
the dimensional change, i.e. the hygro-expansion, within a single hy-
drogel fiber is studied. Firstly, UPy-PEG polymers, with Mn of PEG ei-
ther 10 kDa or 20 kDa (UPy-PEG10K, UPy-PEG20K) are processed into
solid scaffolds using MEW. Characterization techniques such as differ-
ential scanning calorimetry (DSC), infrared spectroscopy (IR), gel per-
meation chromatography (GPC), proton-nuclear magnetic resonance
(1H NMR) spectrometry are performed in order to confirm no sig-
nificant alteration of the material as a result of MEW. Furthermore, the
structural properties at the nanometer scale within single hydrogel fi-
bers are analyzed using small-angle x-ray scattering (SAXS) and po-
larized optical microscope (POM) to study the influence of the melt-
extrusion based processing on the crystallization of supramolecular
polymer.

Fig. 1. Schematic illustration and scanning electron micrograph of MEW of UPy-PEG10K. Quadruple hydrogen bond formation occurs by dimerization of the UPy-
moieties that form 1D stacks. Nanofibers are formed via bundling of stacks with an interstack distance of 1 nm. These UPy-moieties are telechelically connected to
hydrophilic PEG polymers via hydrophobic alkyl spacers containing a urea-group to enable hydrophobic pocket formation. MEW of these UPy-PEG polymers resulted
in ordered mesoscale fibrous scaffolds with segmented multiblock architectures. The lamellae phase formed by the PEG chains strengthened by hydrogen bonding in
the UPy-fiber phase is 13.4 nm, measured with small angle X-ray scattering (SAXS) on dry hydrogel fibers. Exposure to water showed a reversible transition in which
the fibers are anisotropically swollen owing to the ordered in nanoscale structures of lamellae phase expand to 20.9 nm. The microscopic expansion of the fiber
25.28 ± 0.04% in transverse surface strain and 4.548 ± 0.003% in longitudinal strain, as determined by GDHC measurements. Left bottom: scanning electron
micrograph of MEW hydrogel scaffold.
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2. Experimental section

2.1. Materials

The UPy-PEG polymers with Mn,PEG = 10 kg mol−1 and
Mn,PEG = 20 kg mol−1 were synthesized by SyMO-Chem BV,
Eindhoven, The Netherlands [43]. PEG polymer with
Mn,PEG = 20 kg mol−1 for MEW was purchased from Sigma Aldrich.

2.2. Melt electrowriting

An in-house built MEW system was used, as described previously
[44]. Briefly, the system contains a high-voltage source (LNC 10000-5
pos, Heinzinger Electronic GmbH, Germany), a heating module (TR
400, HKEtec, Germany, two Nitrogen pressure regulars and a grounded
computer-controlled collector plate (PMX-2EX-SA, Arcus Technology
INc., USA). 500 mg of polymer was loaded and molten at 120 °C into a
glass syringe and stabilized for 15 min. The syringe was flushed with
nitrogen gas flow in the pressure connection before sealing the system.
High voltage was used to electrify the molten hydrogel jets onto the
grounded collector plate (x-y plane). To allow an homogenous hydrogel
fiber collection, key instrument parameters were set to, an acceleration
voltage of 3–3.5 kV, a feeding pressure of 3.0 bar and a collector ve-
locity of 35–40 mm/s. The collector distance between the spinneret (27
G: dI = 210 µm) and the grounded collector plate was calibrated to
3–5 mm.

2.3. Optical microscopy

Optical microscopy images of MEW materials were acquired using
an Olympus SZ61 stereomicroscope coupled with an Olympus DP70
digital camera (Olympus Soft Imaging Solutions GmbH, The
Netherlands). The morphology and structure of MEW UPy-PEG10K
scaffold were further analyzed using a high-resolution scanning elec-
tron microscope (SEM; Quanta 600F, Fei, Hillsboro, OR) at high va-
cuum and 10 kV voltage.

2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were per-
formed on a DSC Q2000 (TA instruments, USA). MEW fibers were
weighed, and subsequently hermetically sealed in Tzero aluminum
pans. The samples were subjected to three heating/cooling cycles from
−50 °C to 180 °C with a heating/cooling rate of 10 °C min−1. The
melting peaks (defined as the peak maximum) and melting enthalpies
(defined as the peak area) were determined from the first and second
heating run using Universal Analysis software (V4.5A, TA Instruments).

2.5. Fourier transformed infrared (FTIR)

Infrared (IR) spectra were obtained on a Fourier transformed in-
frared spectrometer (Perkin Elmer Spectrum Two, with a Universal ATR
sampling Accessory and diamond crystal, Perkin Elmer Instruments,
The Netherlands) for solids. IR spectra were measured at room tem-
perature in transmission mode with the wavelength region from 4000
to 450 cm−1. UPy-PEG10K pristine powder and MEW fibers were posi-
tioned on the crystal and force was applied.

2.6. Gel permeation chromatography (GPC)

MEW fibers for gel permeation chromatography (GPC) were dis-
solved at a concentration of 1 mg mL−1 in dimethylformamide (DMF),
supplemented with 10 mM LiBr and 0.3% (v/v) H2O. Prior to the
measurements, the sample solutions were filtered using a 0.2 µm re-
generated cellulose filter. Weight-averaged molecular weights (Mw) and
number-averaged molecular weights (Mn) relative to poly(ethylene

glycol) standards were determined with a Varian Polymer Laboratories
PL-GPC 50 Plus instrument (Varian Inc., Palo Alto, CA, USA) operated
at 50 °C, equipped with a Shodex GPC KD-804 column (Shodex, Tokyo,
Japan).

2.7. Proton nuclear magnetic resonance (1H NMR)

1H NMR spectra of the UPy-PEG10K powder and MEW fibers were
collected on a Varian Mercury 400 MHz NMR spectrometer. Both ma-
terials were prepared in deuterated chloroform with tetramethylsilane
(TMS) set as 0 ppm reference. 1H NMR (400 MHz, CDCl3): δ = 13.1
(2H, UPy), 11.8 (2H, UPy), 10.1 (2H, UPy), 5.9 (2H, UPy alkylidene),
4.9 (2H, urethane), 4.7 (2H, urea), 4.5 (2H, urea), 4.2 (4H, next to
UPy), 3.8–3.4 (4nH, PEG), 3.2 (4H, next to urethane), 3.1 (12H, next to
urethane and urea), 2.2 (6H, methyl at UPy), 1.6–1.2 (56H, hexyl and
dodecyl spacer) ppm.

2.8. Full-field hygro-expansion measurement

The UPy-PEG hydrogel fibers were sprayed with polystyrene micro-
particles using an airbrush for tracking with the Global Digital Height
Correlation (GDHC). A Bruker NPFlex interferometric optical profiler
with 100x objective was used to obtain the fiber surface topographies,
resulting in a field of view of 60 × 80 μm2 (1376 × 1040 pixels). A
climate chamber was used to control the temperature and relative hu-
midity around the sample under the microscope. Before testing, the
fibers were conditioned at room temperature and a relative humidity of
50% for 2 h. The relative humidity was increased from 50 to 90%
during each testing cycle with logged relative humidity and tempera-
ture, and consecutive fiber surface topographies were captured by the
optical profilometer at every ~12 s. Each fiber was tested in two re-
lative humidity cycles.
The obtained surface topographies were processed with a GDHC

algorithm dedicated to fiber swelling, which uses the minimal kine-
matically admissible 3D surface displacement field that fully describes
the fiber swelling kinematics to correlate the topographies. This optimal
kinematic regularization contains the following 6 displacement (trans-
lation and rotation) and 6 deformation (expansion and bending) modes:

– rigid body translation in the 3 principle directions (each described
with a 0th-order polynomial),
– homogeneous hygroscopic expansion along 3 principle directions
(1st-order polynomial),
– rotation around the 3 principle directions (1st-order polynomial)
o in-plane rotation (around the z-axis):

= + +u x ysin e xsin y e( (cos( ) 1) ( )) ( ( ) (cos( ) 1))z z x z z y

o out-of-plane rotation (around the y-axis):

= + +u x zsin e xsin z e( (cos( ) 1) ( )) ( ( ) (cos( ) 1))y y x y y z

o fiber axis rotation (around the x-axis):

= + +u y zsin e ysin z e( (cos( ) 1) ( )) ( ( ) (cos( ) 1))x x y x x z

– small-strain approximation of bending in 3 directions (2nd-order
polynomial):
o in-plane bending (around the z-axis):

= +u x e O x( )z y
2 4

o out-of-plane bending (around the y-axis):

= +u x e O x( )y z
2 4

o fiber axis bending (around the x-axis):
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= +u y e O y( )x z
2 4

with x, y and z the three principle directions and and , the rotation
angle and bending amplitude, respectively. The averaged strain is
subsequently obtained from the strain field, resulting in the spatially-
averaged longitudinal ( ll) and transverse surface strain ( tt). These
surface strains were obtained for each topography measured at a certain
relative humidity. Finally, the reported longitudinal and transverse
strain increased (in time due to fiber swelling), and their standard de-
viation, were obtained by averaging over the last 100 strain data points,
for which relative humidity was kept constant at 90.0 ± 0.1%.

2.9. Small angle X-ray scattering (SAXS)

Bulk small angle X-ray scattering (SAXS) was performed on SAXLAB
Ganesha Lab. The flight tube and sample holder were kept under va-
cuum in a single housing, with a GeniX-Cu ultralow divergence X-ray
generator with a wavelength (λ) of 0.154 nm and a flux of 1 × 108 ph
s−1. Scattered X-rays were captured on a 2-dimensional Pilatus 300 K
detector with 487 × 619 pixel resolution. The sample-to-detector dis-
tance was 0.084 m (WAXS mode), 0.431 m (MAXS mode) or 1.165 m
(SAXS mode). The instrument was calibrated with diffraction patterns
from silver behenate.

2.10. Polarized optical microscopy (POM)

Polarized optical microscopy images (POM, Nikon) were recorded
in transmission mode (dark field) with crossed polarizers and a constant
polarizer angle. Post-swelling with uptake of small molecule was per-
formed with 50 mM of nile red. 50 µL was applied on a fiber of 1.5 cm
for 15 min in dark. Then, the fiber was washed 3x with ultra-pure water
and images were acquired by confocal microscopy (TCS SP5X, Leica).

3. Results and discussion

3.1. Structural morphology

First, the morphology of the MEW hydrogel scaffolds was analysed
using scanning electron microscopy (SEM) measurements which re-
vealed fiber diameter of 73.9 ± 10.9 µm in the UPy-PEG10K scaffolds
(Fig. 1). MEW of the longer UPy-PEG20K polymer did not contribute a
stable jet formation as was observed when printing UPy-PEG10K due to
the longer PEG length resulting in the increase of hydrophilicity of the
material. The MEW of non-functionalized PEG (Mn = 20 kDa) had a
pulsing printing jet which resulted in droplets formation instead of
reproducible fibers due to the repulsive Coulomb interactions and hy-
drophilicity of the material (Figure S1, Supporting Information).
All the MEW polymers (UPy-PEG10K, UPy-PEG20K, non-functiona-

lized PEG) were placed into water at room temperature. The non-
functionalized PEG polymer instantly dissolved in water and UPy-
PEG20K MEW scaffold dissolved after a few minutes while the UPy-
PEG10K MEW scaffold remained stable in water (Video 1, Supporting
Information). Therefore, the studies on the effect of MEW processing
were only conducted on the UPy-PEG10K (UPy-PEG) MEW scaffolds.

3.2. Material characterization

Characterization of the printed material was performed in order to
acknowledge that MEW processing technique has no influence on the
molecular structure of the supramolecular materials. First, the thermal
properties of the UPy-PEG before and after MEW were assessed with
differential scanning calorimetry (DSC) (Table S1, Figure S2,
Supporting Information). The second heating runs show no differences
between the powder and fiber, i.e., a melting temperature Tm of 49.6 °C
with a melting enthalpy ΔHm of 98.4 J g−1 for the powder, and a Tm of
51.2 °C with a ΔHm of 97.2 J g−1 for the fiber, respectively.

Interestingly, also the first heating runs show similar values for the Tm
and ΔHm when comparing powder with fiber. This indicates that the
crystallinity in the fiber is not affected by the processing technique.
The effect of printing on the UPy-moiety was studied by the pre-

sence of various tautomeric forms of the UPy [45]. The keto-tautomer is
the dominant tautomer for a UPy-moiety with a methyl on the 6-posi-
tion. This keto-tautomer dimerizes into the thermodynamically most
stable dimer, and forms the strong self-complementary quadruple hy-
drogen bonding unit. Characteristic bands in the infrared (IR) spectrum
of the keto-tautomer are 1703, 1666, 1588 and 1527 cm−1, which was
observed in the spectrum of the pristine UPy-PEG powder (Figure S3,
Supporting Information) [43]. Also, the intramolecular hydrogen bond
from the pyrimidine N-H to the urea carbonyl group is present to form a
centrosymmetric dimer. The bands of the hydrogen-bonded NH groups
are assigned with at 2883, 2855 cm−1 and no free N-H vibrations were
observed [46]. However, the MEW hydrogel fiber showed a small vi-
bration around 1647, 1625 cm−1, which is characteristic for the car-
bonyl stretch vibration of the urea group. Moreover, a slight increase of
molecular mass for the MEW fibers was observed using gel permeation
chromatography (GPC) (Figure S4, Supporting Information). This in-
dicates minor crosslinking of the polymers as a result of the printing
process. This result was compared with proton nuclear magnetic re-
sonance (1H NMR) measurements in order to investigate the amount
and change in the chemical structure within the polymer (Figure S5,
Supporting Information). An upfield of the alkylidene proton of the
UPy-moiety is observed at 5.63 ppm. This proton signal indicates the
presence of for 6-methylisocytosine, which corresponds to cleavage of
the UPy-moiety [47]. Indication for a minor crosslinking of 9.1% within
the polymers upon heating was detected with peak integration which
also refers to the increased molecular mass in GPC.
After processing, the dynamic MEW UPy-PEG hydrogel scaffold was

exposed to excess of water (Video 1, Supporting Information). Non-
uniform swelling in the hydrogel fiberous scaffold initiate an increase in
strain, which resulted in movement of the scaffold. Subsequently, a li-
pohilic nile red dye was dissolved into water to probe the polarity of
assemblies and visualize the fibers with fluorescence microscopy. The
confocal images showed the uptake of the nile red dye into the fibers
during the swelling process (Fig. 2a). In this case the hydrophobic
pocket of the supramolecular fibers is proposed to take up this dye,
during swelling in water.[48,49] This shows that small, hydrophobic
molecules can be loaded in the MEW scaffolds using a post-swelling
method. Collectively, these results demonstrate the stability of of the
supramolecular polymers after MEW processing and after exposing to
water.

3.3. Swelling characterization with full-field method

The exact magnitude of swelling was further investigated via de-
termination of dimensional changes of single hydrogel fibers using a
novel full-field method dedicated to measure the three-dimensional
surface displacement field during fiber swelling, which is an extension
of the recently introduced Global Digital Height Correlation (GDHC)
method [50,51]. Importantly, only 6 principle fiber deformation modes
(swelling in the direction of and bending around the three principle
axes) and 6 principle rigid body displacement modes (translation in the
direction of and rotation around the three principle axes) are employed
to correlate the evolving fiber topographies, as measured with optical
profilometry (Fig. 2b). With these 12 degrees of freedom, the minimal
kinematically admissible 3D surface displacement field that fully de-
scribes the fiber swelling kinematics is constituted. Use of this optimal
kinematic regularization in the topography correlation yields the
highest robustness and accuracy in the longitudinal ( ll) and transverse
surface strain ( tt) of the hydrogel fibers (Fig. 2c). The dimensional
expansion of two independent fibers was monitored while the relative
humidity was increased from 50 to 90% in two cycles.
Interestingly, both fibers remain almost undeformed until a relative
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humidity of approximately 85%, after which where the fibers start to
expand rapidly in an anisotropic manner (Video 2 and Video 3,
Supporting Information). This rapid increase saturates, for the first
cycle of fiber 1, occurs at a strain of 25.28 ± 0.04% and
4.548 ± 0.003% in the transverse and longitudinal direction, corre-
sponding to a volumetric change of 64.09%±0.08%. For the first cycle
of fiber 2, saturation was reached at 25.14 ± 0.07% and
5.154 ± 0.005% in the transverse and longitudinal direction (Figure
S6, Supporting Information) with a corresponding volumetric change of
64.67%±0.14%. A comparable dimensional change in transverse di-
rection was observed for both fibers during the second cycle. With these
advanced full-field measurements, the anisotropic swelling of single
hydrogel fibers is confirmed, which explains the observed rotation and
buckling of the fibers in the hydrogel scaffold during swelling.

3.4. Hierarchical structure analysis

In order to elucidate the molecular mechanisms at play in this
hierarchically structured MEW fiber, scanning electron microscopy
(SEM), polarized optical microscopy (POM) and small-angle x-ray
scattering (SAXS) were employed to further probe the anisotropic
swelling phenomenon. Firstly, the surface morphology of the hydrogel
fiber was observed with SEM (Fig. 3a). We found a spherulitic archi-
tecture at the micrometer scale using SEM, which we attribute to shear
flow-induced crystallization. It has been shown in literature that
spherulites are indicative for a lamellar geometry, formed from folded
chains from a nucleating center [52–54]. Moreover, POM was used to
observe the alternating refractive optical property in the crystalline
regions. Here, the degree of orientation was investigated by observing
the extinction direction between the crossed polarizers. Birefringence
was seen, which indicates that the optical axes of the domains are an-
isotropically orientated. This explains the macroscale anisotropic
swelling behavior within the fibers, and clearly shows that molecular
anisotropy translates to macroscale anisotropic behavior. The crystal-
line structures at 45° are shown in the optical micrographs and

birefringence was observed (Fig. 3b). Hence, this result is indicative for
a preferred crystallization orientation in the hydrogel fiber that is of
planar fashion within the microstructures.
The orientation within the nanostructures was studied using small-

angle x-ray (SAXS). A dry fiber and an overnight swollen fiber were
analyzed at room temperature (Fig. 3c, d). The SAXS measurement on
the dry fiber shows a primary reflection peak at q* = 0.47 nm−1 with a
higher order reflection at 2q*. These reflections are illustrative for la-
mellar packing (Fig. 3c). The lamellae with a domain spacing (d*) of
13.4 nm represent the PEG phase segregated from the UPy-phase (Table
S2, Supporting Information). Moreover, the PEG is crystallized, evi-
denced by the peaks in the wide-angle x-ray scattering (WAXS) region
(q > 10 nm−1). A scattering peak at 6.4 nm−1 was observed, which
can be attributed to the UPy-moiety interstack distance at 1 nm
[46,55]. Furthermore, 2D medium angle scattering shows that the
proposed shear stress during MEW process, induces orientation of the
lamellae perpendicular to the printed fiber axis (Fig. 3c). This result is
in line with the observed data using POM. Particularly, this alignment is
not observed when the pristine UPy-PEG powder was melted and sub-
sequently cooled (Fig. 3e), which indicates that the polymers undergo
shear-induced orientated crystallization as the polymer jet flows
through the small printing nozzle and deposit onto the collector by an
electrical force and pressure. Moreover, we assume that MEW induces a
more regular organization of the lamellar structure as the peak half
width of the dry hydrogel fiber is significantly lower than the un-
processed powder material (Figure S7, Supporting Information). The
wet hydrogel fiber was measured in a capillary with water after swel-
ling overnight. Here, only a primary reflection peak q* is present re-
lated to a much larger domain spacing of 20.9 nm (Fig. 3d). Most likely,
this increase in domain spacing is due to the absorbance of water in the
rigid lamellae packing which is known for UPy-PEG polymer in water
[56]. Hence, two simultaneous events are occurring upon addition of
water to the hydrogel fibers. First, the crystalline interactions of the
PEG disappear, which is evidenced by the absence of sharp reflection
peaks in the WAXS region. Second, the hydrophobic effect of the UPy-

Fig. 2. Dimensional expansion of MEW hydrogel fiber and hydrogel scaffold stability. (a) Solvatochromic nile red dye staining has been used to visualize the
stability of the microstructure of the hydrogel fiber after swelling. (b) Fiber topographies, obtained with optical profilometry during swelling, were correlated with a
dedicated Global Digital Height Correlation algorithm to quantify the single fiber hygro-expansion. (c) The resulting surface strain in longitudinal ( ll) and transverse
( tt) direction plotted against the relative humidity (RH) for the two cycles for the hydrogel fiber. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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moieties, in presence of water, forces stack aggregation and the amor-
phous PEG shield around the of UPy-moiety stacks. Hence, the larger
domain spacing of the wet hydrogel fiber is a result of the phase seg-
regation of the UPy-moiety stacks aggregated with the amorphous and
flexible PEG. Interestingly, the nanostructure alignment of the material
was preserved upon addition swelling in water, shown by the 2D
scattering data of the wet fiber (Fig. 3d).

4. Conclusions

Here we show that a free-standing hydrophilic supramolecular
polymer scaffold was successfully processed by MEW into a hierarchical
hydrogel structure. The hydrogel scaffold exhibited anisotropic post-
swelling behavior guided by the supramolecular orientation of the
molecules in the hydrogel fiber, showing the strength of combined
molecular engineering and mesoscale processing. Additionally, the
hydrogel fibers are able to store hydrophobic dye molecules via post-
swelling and show no loss of the morphological mesoscale fiber

structure. This study opens new avenues for the design of new hier-
archical hydrogel fiber scaffolds with controlled swelling behavior for
different biomedical applications such as, soft robotics and shape-
shifting architectures for drug delivery purposes and beyond.
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