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Mimicking Cacti Spines via Hierarchical Self-Assembly for
Water Collection and Unidirectional Transport

Melina Weber, Felix Bretschneider, Klaus Kreger, Andreas Greiner,*
and Hans-Werner Schmidt*

Nature utilizes bottom-up approaches to fabricate defined structures with
highly complex, anisotropic and functional features. One prominent example
is cacti spines, which exhibit a hierarchically structured conical morphology
with a longitudinal microstructured surface. Here, a bottom-up approach to
fabricate supramolecular microstructured spines is presented by applying a
self-assembly protocol. Taking advantage of the capillary forces of vertically
aligned polyamide microfibers acts as the structure-directing substrate for
site-specific self-assembly of a specific 1,3,5-benzenetricarboxamides from the
solution. The morphology of the supramolecular spines covers several
hierarchical levels, ultimately resulting in a conical shape with longitudinal
self-assembled microgrooves and a superhydrophilic surface. It is
demonstrated that these hierarchical conical microstructures are able to
transport water droplets unidirectionally.

1. Introduction

Self-assembly of molecular building blocks by non-covalent inter-
actions results in reversible supramolecular polymers that can
form nanostructures with properties beyond those of the indi-
vidual building blocks.[1–3] Nature uses self-assembly processes
across different hierarchical levels to achieve complex meso-
and macroscopic morphologies that result in a multitude of
highly adapted functionalities.[4] Among the numerous complex
morphologies in nature, structures based on the macromolec-
ular building block collagen[5] represent an intriguing example
of hierarchy and their associated functionalities for skin, ten-
dons, and bones.[4,6] Another outstanding example is the con-
ical microstructured morphology of cacti spines featuring dis-
tinct hierarchical levels.[7–9] Cacti spines can transport water di-
rectionally from the spine’s tip to the base rendering them the
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critical component to ensure the water
budget of the plant.[7,10,11] To achieve
this goal, cacti spines utilize three
general structural features as driving
forces for the water collecting and
transport mechanism.[7] This includes
a conical structure which leads to a
LAPLACE pressure difference at the wa-
ter droplet resulting in a unidirectional
water transport,[7,12] microgrooves along
the spine axis that guide the droplets
to the spine base[7] and a roughness
gradient from the tip to the base of
the spine. The latter two establish a
wettability gradient along the spine.[7]

Many different approaches have been
reported[13–15] to take advantage of these
effects and to realize artificial spines
by using complex methods such as a

combination of electrospinning with a sacrificial template
method,[16] an integrative electrochemical corrosion and hy-
drothermal method,[17] gradient electrochemical corrosion,[18]

electrochemical etching,[19] magnetic particle-assisted
molding,[20] magnetorheological drawing lithography,[21] a vapor-
phase approach[22] 3D-printing[23–25] or a coating technology.[26]

However, to the best of our knowledge, a bottom-up approach
starting from small molecular building blocks to realize in situ
self-assembled hierarchical conical morphologies on the meso
and macroscale that mimic cacti spines and their features have
not been reported yet.

Here, we present a straightforward method and protocol to fab-
ricate artificial supramolecular microstructured conical spines
on top of vertically aligned polyamide (PA) microfibers. The
fabrication process of the resulting supramolecular spines can
be divided into two steps. The first step involves the electric
field-assisted fabrication of vertically aligned PA microfiber ar-
rays, which is also referred to as polymer flock. This process,
i.e., electrostatic flocking, is a technique, that is already estab-
lished on an industrial scale.[27] Hereby, the individual PA mi-
crofibers are accelerated in an electrostatic field and vertically
oriented onto an adhesive-covered substrate as schematically
shown in Figure S1 (Supporting Information). After switching
off the electric field, curing the adhesive layer at elevated temper-
atures and cleaning excess polymer microfibers, a micrograss-
like structure is obtained. The unique porous structure of the
vertically aligned PA microfibers gives rise to capillary forces
in solution-based processes. In a second step, we take advan-
tage of capillary effects in the polymer flock in combination
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Figure 1. Overview of cacti spines from nature compared to artificial spines of this work and their hierarchical levels. a) Optical image of natural spines
from the cactus mammillaria neocoronaria (left) and scanning electron microscopy (SEM) image of a single spine (right). b) SEM images of our artificial
supramolecular spines based on BTA building blocks on top of a flocked polyamide microfiber (left) and a single supramolecular spine (right). c) Chemical
structure of the 1,3,5-benzenetricarboxamide (BTA) with peripheral N,N-diisopropylaminoethyl substituents used as molecular building blocks to create
artificial spines. Schematic illustration of the self-assembly process covering different hierarchical levels: self-assembly of the molecular building blocks
into supramolecular columns (I) further self-assembly of supramolecular columns into supramolecular fibrils (II) and formation of fibrils resulting in
the artificial supramolecular spine (III).

with solvent evaporation to initiate directed self-assembly of a
dissolved 1,3,5-benzenetricarboxamide (BTA) derivative into or-
dered supramolecular fibrillar structures. In this class of BTAs,
supramolecular structure formation is mainly driven by the for-
mation of three directed helical strands of hydrogen bonds be-
tween neighboring molecules.[28] This self-assembly process re-
sults in defined supramolecular nano and microfiber morpholo-
gies. Such a process is also suitable for larger-scale processing.[29]

To obtain the artificial conical microstructures that mimic the
hierarchical morphology and function of natural cactus spines
(Figure 1a) we combine the self-assembly capability of a specific
BTA from solution with the PA microfibers. We observed that
upon solvent evaporation from 2-propanol and suitable concen-
trations, self-assembly of the building blocks is predominantly
initiated on top of the PA microfibers forming the supramolecu-
lar spines (Figure 1b). As a building block, we selected a polar but
water-insoluble BTA, namely N1,N3,N5-tris[2 (diisopropylamino)-
ethyl]−1,3,5-benzenetricarboxamide to realize the unique mor-
phology of artificial supramolecular spines. This BTA was cho-
sen based on several design principles including i) the ability to
self-assemble into fibrillar structures through the formation of
three helical strands from hydrogen bonds, ii) insolubility in wa-
ter to ensure the integrity of the supramolecular structures with
respect to water transport applications, and iii) a polar nature of
the periphery to realize a hydrophilic surface. Here, the hierar-

chical levels toward the artificial spine with dedicated function
cover three stages as schematically shown in Figure 1c. The dis-
solved BTA building blocks self-assemble into supramolecular
columns (I) by the formation of triple hydrogen bonds. These
single columns further self-assemble into defined supramolecu-
lar fibrils (II). Ultimately, the supramolecular fibrils form into
artificial supramolecular spines (III) with a conical shape and
microstructured surface. This is achieved by applying a sophis-
ticated self-assembly protocol within the PA flock. First, the PA
flock is partially filled with a BTA solution of 0.50 wt% in 2-
propanol. The capillary effects of the dense vertically arranged
microfibers lead to the transportation of the BTA solution toward
the top of the microfibers. During this process, the solvent evap-
orates, resulting in highly ordered conical spines which are pre-
dominantly formed in situ on top of the PA microfibers. The
hierarchical organization of the BTA fibrils as well as the con-
ical shape mimics the hierarchical organization of cacti spines
consisting of so-called pillar spines.[9] Typically, natural spines
are also constructed from longitudinal fiber strands that build
straight fiber bundles as is found in our supramolecular spines.

2. Preparation of Artificial Supramolecular Spines

For the preparation of the artificial supramolecular spines with a
conical shape, we found that vertically aligned PA microfibers are
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Figure 2. Optical microscope images of the PA flock. a) PA flock side view, b) top view and c) view of the PET mesh from the bottom.

crucial as they provide significant stiffness and polarity to act as
structure-directing substrate due to their capillary forces result-
ing from the microfiber array. Optical microscope images of the
PA flock (microfibers with l = 500 μm, d = 19 μm, l/d ≈ 26) are
depicted in Figure 2.

In general, BTAs form supramolecular fibers with a distinct
morphology in solution depending on the set of conditions such
as selected solvent, concentration, cooling and evaporation con-
ditions. For the specific BTA used in this work, at a constant
concentration of 0.50 wt% in 2-propanol a stable solution is
present at room temperature and no supramolecular fibers are
formed.[30] However, upon evaporation of the solvent, the con-
centration increases, initiating the self-assembly process and
forming evenly round supramolecular BTA fibers with diameters
ranging from 150 to 400 nm as shown in Figure S2 (Support-
ing Information). This situation changes when a concentration
of the BTA in 2-propanol is used and evaporation occurs within
the PA flock as schematically illustrated in Figure 3. While the
formation mechanism includes several steps, the directed self-
assembly can be described as a simple dip-coating process with
subsequent drying that is completed within a few minutes. In
detail, the PA flock (Figure 3a) is immersed into a BTA solu-
tion and subsequently placed on filter paper to partially remove
the BTA solution (Figure 3b). Subsequently, the capillary forces
of the vertically aligned PA microfibers transport the BTA so-
lution toward the top of the PA microfiber (Figure 3c). Upon
evaporation of the solvent, the local concentration of the BTAs
increases at the top of the PA microfibers. Hereby, nuclei are
formed that initiate a site-specific self-assembly and supramolec-
ular fiber growth. As evaporation proceeds, additional BTA build-
ing blocks are fed to the initially formed BTA fibrils. This pro-
cess continues until most of the BTA solution in the PA flock
is consumed resulting in the formation of hierarchical fibrils
that eventually form the conical tips. In this way, supramolecu-
lar spines are formed on the top of an individual PA microfiber
(Figure 3d).

Close to the end of the evaporation process, evenly round BTA
fibers entwined along the PA microfiber and at the bottom of
the substrate are formed. The full process is completed within
a couple of minutes. The site-specific evaporation-induced self-
assembly is supported by observing the drying process by optical
microscopy. We have investigated concentrations ranging from
0.05 to 1.0 wt%. Solutions above 0.50 wt% tend to self-assemble at
room temperature, rendering them unsuitable for the described
process. At the lowest concentration of 0.05 wt%, BTA fibers are

only observed along the PA microfibers. Increasing the concen-
tration to 0.10 wt% results in the formation of small fiber-like
structures on top of the PA fibers after solvent evaporation. At
0.25 wt%, only small spines form on the PA fibers. However, at a
concentration of 0.50 wt%, we observed optimal spine formation
on top of the PA fibers. As a result of these findings, we used con-
centrations of 0.50 wt% for the experiments as optimal process-
ing conditions to consistently produce well-defined supramolec-
ular spines (schematically illustrated in Figure 3d). An optimal
set of self-assembly conditions for this specific BTA has been
identified. Here, a concentration of 0.50 wt% in 2-propanol with
the elaborated drying procedure results in the reproducible for-
mation into conical supramolecular spines. An overview of the
PA flock decorated with supramolecular spines and a single
PA microfiber with supramolecular BTA spines is depicted in
Figure 4a. The number of formed supramolecular spines
per PA microfiber typically varies from ≈20 (Figure 1b) to
80 and occasionally exceeds 100 spines, which is exempli-
fied in Figure 4. This distribution in the number of spines
found on the PA microfibers is a result of the random ori-
entation and local density of the PA microfibers relative to
each other giving rise to some local changes in the capillary
forces.

3. Supramolecular Spine Morphology

The morphology of the supramolecular spine comprises several
hierarchical levels spanning from the nano- to the microscopic
scale. The first hierarchical level is the self-assembly of the BTA
molecules driven by three strands of hydrogen bonds into sin-
gle supramolecular columns. The supramolecular columns are
densely packed into supramolecular fibrils. These fibrils orga-
nize themselves with a high degree of order in the supramolec-
ular spine with a conical shape. The typical morphology of a
supramolecular spine can be divided into the tip, middle part and
base as depicted in the SEM images in Figure 5a. The upper end
of the spines tip features a smooth and defined shape with less
than 400 nm in diameter (Figure 5a1) as a result of the depletion
of the molecular building blocks during the in-situ self-assembly
process. This indicates the tip is composed of finely structured
fibrils. The middle part of the spine features fibril diameters be-
tween 500 and 1 μm. The fibrils are aligned in an orientated
and dense way forming longitudinal microgrooves (Figure 5a2).
At the base, the BTA fibrils are more randomly oriented creat-
ing a pronounced micro-grooved surface, because of the larger
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Figure 3. Schematic illustration of the preparation of artificial supramolecular spines on top of polyamide microfibers. a) Polyamide (PA) flock consisting
of vertically aligned polyamide microfibers fixed onto a polyethylene terephthalate (PET) mesh. The PA flock is immersed into a BTA solution. b) The
soaked PA flock is then placed on a filter paper for a dedicated time to partially remove the BTA solution. c) During the drying process in a covered petri
dish capillary forces of the PA microfibers transport the BTA solution toward the PA head and evaporation of the solvent occurs and self-assembly is
initiated at the PA head. d) PA microfibers decorated with supramolecular BTA spines.

diameter of the supramolecular fibrils (Figure 5a3). As a re-
sult of these features, which are attributed to the self-assembly
process, the supramolecular fibrils become significantly smaller
in diameter from the base to the tip of the spine, resulting in a
roughness gradient along the spine. Such a roughness gradient
along the spine is also depicted in Figure S3 (Supporting Infor-
mation) showing a high-resolution SEM micrograph of another
supramolecular spine with the longitudinal microgrooves. At the
base, the average fibrils exhibit diameters up to 1 μm. The tran-
sition between the highly orientated supramolecular spines and
the PA microfiber head is additionally shown in Figure S4 (Sup-
porting Information). Here, the fibrils are randomly orientated
and wrapped around the PA microfiber head and then spread
into several high-orientated supramolecular spines. In summary,
the supramolecular fibrils are aligned and densely packed with a
high degree of order at the tip whereas at the base of the artifi-
cial spine, the arrangement of the supramolecular fibrils deviates
from the main orientation axis resulting in an overall roughness
gradient along the spine. The supramolecular spines exhibit an
average length of ≈50 μm and a half apex angle of 6 deg. Fur-
ther evidence for the high order within the alignment of BTA
molecules into the columnar arrangement and thus the orien-

tation of the fibrils along the spines is provided by confocal po-
larized RAMAN measurements (Figure S5, Supporting Informa-
tion). Here, the benzene rings of the BTAs show a strong cor-
relation to the angle of the polarizer. When the BTA molecules
self-assemble into a columnar arrangement, the benzene rings
are stacked on top of each other. Measuring with a parallel polar-
izer angle along the columns causes a reduced signal of the ben-
zene units, whereas a measurement with a perpendicular polar-
izer angle relative to the main axis of the spine increases signal in-
tensity. This result provides evidence that single supramolecular
columns feature the same orientation as the fibrils and thus the
spine.

4. Water Interaction and Transport

The unidirectional water transport from tip to the base found for
cacti spines in nature is mainly attributed to three factors, i.e., a
LAPLACE pressure difference, longitudinal microgrooves as well
as a roughness gradient.[7,12,31] Combining these structural fea-
tures in artificial spines enables directional water transport.[32]

Our supramolecular spines show all of these features, includ-
ing longitudinal microgrooves due to the alignment of the
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Figure 4. SEM images of the artificial supramolecular spines at the top of PA microfibers. a) SEM of the supramolecular BTA spines at the top of the PA
microfibers as overview. b) Single PA microfiber decorated with 33 spines, c) with 81 spines and d) 103 spines, respectively.

supramolecular fibrils and a conical shape as well as a rough-
ness difference increasing from the tip to the base resulting
from the varying diameter of the supramolecular fibrils. A
roughness gradient across the spine might give rise to a wetta-
bility gradient.[33] In this context, we have investigated the wetta-
bility of the supramolecular spines with water on isolated single
supramolecular spines by environmental scanning electron mi-
croscopy (ESEM) at a constant water vapor pressure of 720°Pa
(see Figure 5b; Figure S6 and Movie S1, Supporting Informa-
tion). The middle row of Figure 5b1–b3 depicts the dew collec-
tion on the supramolecular spine simulated in the ESEM cham-
ber upon cooling. During the ESEM measurements the stage and
subsequently the spines are cooled from 3.9 to 1.9 °C at a cool-
ing rate of 1 °C min−1 reaching the dew point at 2.0 °C under
these conditions (for details see pressure-temperature phase dia-
gram of water for environmental scanning electron microscopy
and dew condensation Figure S6, Supporting Information). The
initial state prior to water condensation of the supramolecular
spines is shown in Figure 5b1. Upon cooling reaching the dew
point at ≈2.0 °C, water nucleation occurs, resulting in a com-
plete wetting and filling of the grooves with a larger accumulation
of water at the base (Figure 5b2). This pronounced spreading of
the water across the supramolecular spine suggests a superhy-
drophilic surface.[34] Upon further cooling to 1.9 °C, water con-
densation proceeds. Simultaneously, directional water transport
from the tip toward the base of the spine takes place as indicated
by the formation of a droplet reservoir at the base (Figure 5b3).
In comparison, ESEM measurements of PA microfibers under
the same conditions result only in droplet formation on the mi-
crofibers (Figure S7, Supporting Information) revealing a more
hydrophobic surface compared to the supramolecular spine. To

demonstrate the unidirectional water transport of droplets and
the corresponding transport velocity, the supramolecular spines
are irrigated with fog. The right row of Figure 5 shows the
unidirectional water droplet transport of the captured fog on a
supramolecular spine caused by the conical structure, the mi-
crogrooves and the roughness gradient. These structural features
result in physical phenomena of the water droplet transport at
the supramolecular spine (detailed description in Text S8, Sup-
porting Information). Here, the water droplet transport of sev-
eral supramolecular spines on top of a PA microfiber was mon-
itored by optical microscopy. At first, droplets were collected by
the supramolecular spines tip and quickly transported toward the
base as shown in Figure 5c1–c3 and the Movie S2 (Supporting
Information). The transport velocity of this initial droplet trans-
port was estimated to be ≈150 μm s−1. This value is an average
speed determined based on all acquired data from different arti-
ficial spines. Compared to the well-investigated model cactus O.
microdasys (≈12 μm s−1)[7,35,36] the water droplet transportation
of our supramolecular spines is significantly faster. We note that
during performing the experiments under these conditions we
did not observe any change in morphology or failure of the wa-
ter transport. Also, in agreement with the ESEM findings, it was
observed that the supramolecular spine is wetted by the initial
droplet transport due to its hydrophilicity and thus we assume the
microgrooves to be homogeneously wetted due to the hydrophilic
nature and mainly filled with water.[31] However, we cannot ex-
clude the existence of a Cassie–Baxter or a mixed state.[37–42] De-
spite that, we observe the formation of a water film during fog
irrigation due to the spreading of the water droplets. The spread-
ing of the water droplet results in a higher LAPLACE pressure
difference. An increase of R1 and R2 at the opposite sides of the
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Figure 5. Spine morphology and demonstration of dew collection and fog transport.a) SEM images of the supramolecular spine at different positions
(a1 tip, a2 middle part, a3 base). The morphology of the spine shows microgrooves resulting from the hierarchically structured supramolecular fibrils. b)
Dew collection on a supramolecular BTA spine observed with an environmental scanning electron microscope (ESEM) at constant water vapor pressure
of 720 Pa and different temperatures between 3.9 and 1.9 °C (b1-b3). Upon cooling at ≈2.0 °C the dew point is reached and water condensation occurs
resulting in a complete wetting and filling of the grooves (b2). Further cooling to 1.9 °C leads to a water transport toward the base of the spine (b3). c)
Fog transport toward the base of the spine caused by the LAPLACE pressure difference observed with an optical microscope at different times (c1-c3).
The micrographs show the unidirectional transport of a water droplet.

droplet leads to an overall increased pressure difference resulting
in a larger driving force. We postulate that the water film gives
rise to an increased water transport. This is schematically shown
in Figure S8 (Supporting Information) and has been previously
observed in literature—also called the “lubrication effect”.[26]

5. Conclusion

We demonstrated a facile and straightforward fabrication of arti-
ficial biomimetic supramolecular spines with a conical and hi-
erarchical morphology prepared via a robust site-specific self-
assembly process using a specific 1,3,5-benzenetricarboxamides
and PA microfiber flock as structure-directing substrate. The
supramolecular spines morphology features a conical structure,
defined longitudinal microgrooves as well as a roughness gradi-
ent mimicking the structural features of natural spines. As a re-
sult of the superhydrophilic nature of the conical microstructured
surface, these spines are able to efficiently nucleate, collect and
transport water droplets. We believe that these biomimetic struc-
tures could be highly relevant for water collection applications as

shown here. Furthermore, we are convinced that these structures
could be suitable for other applications such as transport of liq-
uids, separation and filtration. Additionally, the advantage of the
capillary effect of the polymer flock opens the way toward novel
structure-directing applications for liquids.

6. Experimental Section
All chemicals were used as received unless otherwise noted. 2-

Propanol (100%, VWR), Milli-Q H2O (18.2 mΩ, < 2 ppb), and N,N-
diisopropylethylenediamine (ABCR) were used. Ethanol and acetone were
distilled prior to use. PA microfibers (3.3 dtex/0.5 mm, reinweiß) and a
two-component polyester-based flocking adhesive (tubicoll 1510A, L5515)
were purchased by Borchert+Moller. Electrostatic flocking was performed
with a semiautomatic flocking device (RF 500, Borchert+Moller) and cured
in a convection oven (HTMA 6/220_3508 by Cabolite Gero). PET-meshes
(with a 100 μm fiber diameter and pore size) were obtained by Eckert
GmbH.

Electrostatic Flocking: Adhesive and hardener were thoroughly mixed
in 1:1 wt.-ratio for ≈15 min. After 5 min of settling, the PET meshes were
dip-coated with a thin adhesive layer and transferred to a paper towel.

Adv. Mater. Interfaces 2024, 11, 2400101 2400101 (6 of 8) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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The excessive adhesive was removed by squeegeeing with a glass rod. The
adhesive-coated PET mesh was fixed on an aluminum foil as an electrode
and placed below the flocking chamber. An electric field of 2.3 kV cm−1

was applied for 60 s. After a 10 s delay, the flock feed was switched on for
30 s. Finally, the PET mesh with the vertically deposited PA microfibers was
placed onto a steel trail and transferred into a convection oven to crosslink
the adhesive at 120 °C for 20 min. Afterward, the flock was stored for 24 h
at RT to complete the adhesive curing. The samples were cleaned with
pressured air to remove loose microfibers and subsequently washed with
H2O, ethanol, 2-propanol, and acetone and dried in a vacuum at 50 °C for
12 h.

Synthesis of N1,N3,N5-tris[2-(Diisopropylamino)-ethyl]−1,3,5-
Benzenetricarboxamide: N1,N3,N5-tris[2-(diisopropylamino)-
ethyl]−1,3,5-benzenetricarboxamide (BTA) was synthesized as described
elsewhere.[30] Yield: 12.2°g (72%) of a white powder. 1H-NMR (300 MHz,
CDCl3, 𝛿): 1.06 (d, 36H), 2.71 (t, 6H), 3.07 (m, 6H), 3.45 (quartett,
6H), 7.23 (t(br), 3H), 8.41 (s, 3H) ppm. 13C-NMR (75 MHz, CDCl3, 𝛿):
20.9, 38.5, 42.8, 47.8, 127.8, 135.3, 165.2 ppm. MALDI-ToF MS m/z 589
[M∙+H]+

Evaporation-Induced Self-Assembly of BTA from Solution: A clear solu-
tion containing 0.50 wt% of the BTA in 2-propanol was prepared at RT. 5 μL
of this solution was dropped on a Si-wafer and the solvent was evaporated
at ambient conditions.

Preparation of Supramolecular Spines on Top of PA Microfibers: The PA
flock was immersed into a BTA solution of 0.50 wt% in 2-propanol for 30 s
and placed for 10 s on a filtration paper to partially remove the BTA solu-
tion. The specimen was then placed in a petri dish, covered with aluminum
foil and stored at 30 °C for complete solvent evaporation.

Characterization: 1H-NMR (300 MHz) and 13C-NMR (75 MHz) spec-
tra were recorded on a Bruker Avance AC 300 spectrometer at room tem-
perature. Matrix-assisted laser desorption/ionization time-of-flight mass
spectroscopy (MALDI-ToF MS) measurements were performed using a
Bruker AutoFlex Max mass spectrometer equipped with a Smartbeam II
laser. The analyte was embedded in the matrix material trans-2-[3-(4-tert-
butylphenyl)−2-methyl-2-propenylidene]malononitrile (DCTB) in the ma-
trix:analyte mass ratio 10:1. Flock samples and water transport were in-
vestigated by a digital optical microscope (Zeiss, Smartzoom5) with a
4.2-megapixel sensor. The objective (Zeiss PlanApo D5x/0.3FWD 30 mm,
101x-1010x magnification) was illuminated with a coaxial brightfield and
ring light. Scanning electron microscopy (SEM) was performed using an
FEI Quanta FEG 250 (Thermo Fisher Scientific) equipped with a field
emission gun. To minimize charging effects, the samples were sputtered
(Cressington 208HR with planetary stage and QCM crystal) with platinum
(2 nm) to create a conductive layer. SEM images were recorded in the
low vacuum mode (water pressure of 60 Pa in the sample chamber) with
an acceleration voltage of 3–5 kV using a large-field (gaseous secondary
electron) detector (LFD) or with an acceleration voltage of 1–5 kV in the
high vacuum mode using an Everhart–Thornley detector (EDT). The wa-
ter condensation behavior and wettability of non-sputtered supramolecu-
lar spines and neat PA microfibers were investigated by the environmen-
tal scanning electron microscope (ESEM) FEI Quanta FEG 250 (Thermo
Fisher Scientific) equipped with a Peltier cooling stage (ThermoFisher)
and a gaseous secondary electron detector (GSED). ESEM images were
recorded with an acceleration voltage of 10 kV. Measurements were carried
out at a constant water pressure of 720 Pa and upon cooling the sample
from 3.9to 1.9 °C (at a rate of 1 °C min−1). Polarized Raman Spectroscopy
was performed with a WITec Alpha RA+ imaging system, equipped with a
UHTS 300 spectrometer and a back-illuminated Andor Newton 970 EM-
CCD camera for confocal Raman imaging. The measurements were con-
ducted at an excitation wavelength of 𝜆 = 532 nm, using a laser power
of 5 mW and an integration time of 1 s. All spectra were subjected to a
cosmic ray removal routine and baseline correction.
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