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Spider-capture-silk mimicking fibers iy
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from superhydrophilicity and volume-swelling
of gelatin knots
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Abstract

Spider-capture-silk (SCS) can directionally capture and transport water from humid air relying on the unique geomet-
rical structure. Although there have been adequate reports on the fabrication of artificial SCSs from petroleum-based
materials, it remains a big challenge to innovate bio-based SCS mimicking fibers with high-performance fog collec-
tion ability and efficiency simultaneously. Herein, we report an eco-friendly and economical fiber system for water
collection by coating gelatin on degummed silk. Compared to the previously reported fibers with the best fog collec-
tion ability (~13.10 L), Gelatin on silk fiber 10 (GSF10) can collect larger water droplet (~ 16.70 L in 330 s) with ~98%
less mass. Meanwhile, the water collection efficiency of GSF10 demonstrates ~72% and ~48% enhancement to the
existing best water collection polymer coated SCS fibers and spidroin eMaSp2 coated degummed silk respectively in
terms of volume-to-TCL (vapor-liquid-solid three-phase contact line) index. The simultaneous function of superhydro-
philicity, surface energy gradient, and ~65% water-induced volume swelling of the gelatin knots are the key factors in
advancing the water collection performance. Abundant availability of feedstocks and ~ 75% improved space utiliza-
tion guarantee the scalability and practical application of such bio-based fiber.
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1 Introduction

As a type of sustainable fresh water, fog can be collected
to alleviate the severe water scarcity occurring in many
areas caused by climate change, population growth and
pollution [1-4]. In arid regions, some creatures have
evolved the ability to harvest fog through special chemi-
cal or physical methods to survive the extreme environ-
ment [5, 6]. For example, some types of beetles live in
Namib Desert can harvest water from the morning mist
utilizing their patterned backs [7, 8]. In Australia, green
tree frogs and desert lizards can collect dews through
their superhydrophobic/superhydrophilic skin [9, 10].
Moreover, spiders can produce web with the periodic
spindle knots constructed by nanofibrils on SCS ena-
ble the directional water collection and transportation
from humid air [11-14]. Particularly, spider silks have
attracted world-wide intensive studies due to its fabulous
properties and hierarchical structures.

The very first report on the discovery of the relation-
ship between the silk structure and directional water
collection was demonstrated via Jiang et al. in 2010.
They found that the structure induced synergy of sur-
face energy and curvature gradient endowed the direc-
tional water collection of SCS [12]. Afterwards, a series
of SCS mimicking fibers were fabricated by coating
different polymers [Poly(vinyl alcohol) (PVA), Polym-
ethyl methacrylate (PMMA), Polystyrene (PS), Polyvi-
nylidene difluoride (PVDF)] on various fibers (Nylon
fiber, copper wire, and fishing line) to achieve the “spin-
dle knots/joints” construction of SCS through various
approaches like dip-coating, electrospinning and micro-
fluidic spinning [15-22]. However, most of the artificial

SCS modified with non-renewable fossil resources have
a hydrophobic shell which decreases their sensitivity to
water. Furthermore, the utilization of undegradable poly-
mers deriving from non-renewable fossil resources by
traditional methods will accelerate the seepd of energy
depletion and may result in severe environmental pollu-
tion. To address these problems, in our previous report,
we created SCS like fibers that exhibited fabulous water
collection efficiency by coating transgenetic spider dra-
gline protein (eMaSp2) on degummed cocoon silk [23].
Nevertheless, the spidroin material obtained by gene bio-
engineering suffers form low yield and high cost. As an
alternation of eMaSp2, gelatin, which is widely existing in
nature, is an economic and affordable candidate for SCS
modification beacuse of the similarity to spidroin [24,
25]. First, both of them are constructed via amino acids.
The glue like spidroin ASG2 is mainly comprised of Ser-
ine, Glycine and Valine, and gelatin is rich in Glycine,
Valine, Proline and Hydroxyproline [26]. Second, they are
both hydrophilic biomaterials. Gelatin is often used as a
matrix material for face mask and hydrophilic drug car-
rier, and the viscid glue coated on spider spiral silk dem-
onstrated excellent adhesive in wet/dry conditions, which
could be ascribed to their hydrophilicity [27, 28]. There-
fore, gelatin would be an ideal substitute of the eMaSp2.
In the present paper, as sketched in Fig. 1, a series of
SCS inspired fibers were fabricated by coating porcine
gelatin on degummed silkworm silk through a facile dip-
coating process following by a cross-linking in Glutar-
aldehyde steam. Morphology observation indicated the
construction of periodic spindle knots on the fiber sur-
face. Water contact angle test revealed that gelatin could
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Fig. 1 Schematic illustration of the preparation and fog collection ability of GSF

become superhydrophilic within 6 min. Meanwhile, in
the fog collection experiment, we found that the col-
lected water could swell the spindle knots and result in
increasing the knot volume, vapor-liquid-solid three-
phase contact line (TCL) and the curvature value of the
SCS fibers simultaneously. These factors led to the high
speed and large volume directional fog collection capa-
bility (~ 16.70 pL water per repeat unit of spindle knot in
330 s). To the best of our knowledge, this economical and
sustainable SCS modificaiton system with high-perfor-
mance directional water collection ability is reported for
the first time.

2 Materials and methods

2.1 Materials

Gelatin from porcine skin (gel strength~300 g Bloom)
was supplied by Sigma-Aldrich. 1, 1, 1, 3, 3, 3-hexafluor-
oisopropanol (HFIP) was received from ] & K Scientific
Ltd. B. Mori silk cocoons were purchased from Taobao.
Na,CO; and Glutaraldehyde, 25 wt% solution in H,O
were puechased from Kelong Chemical Regent Co., Ltd.
(Chengdu, China). All materials were used without fur-
ther treatment.

2.2 Preparation of degummed silk

The degum process of silkworm silk was conducted
according to previous report [29]. Generally, B. Mori
cocoons were cut into small pieces and then boiled in

0.02 M Na,CO; for 30 min. The silk was subsequentially
rinsed by ultrapure water for three times and dried in
fume hood for 24 h. The dried silk was separated into sin-
gle fibers before use.

2.3 Preparation of gelatin/HFIP solution

Gelatin powder was put in flasks with a stir bar. And then
HFIP was added to dissolve gelatin powder and give the
solution at 8%, 10% and 12% concentrations, respectively.

2.4 Fabrication of artificial SCS fibers

A facile dip-coating strategy was applied to fabricated
fibers with periodic spindle knots based our previous
report. Typically, one degummed silk fiber was first hori-
zontally soaked in gelatin/HFIP solution and drawn out
steadily, following by the break up process of the thin
film coated on fiber surface and appearance of little
drops resulted from the Rayleigh Instability. After dry-
ing in air for 30 min, the fiber was exposed in Glutaral-
dehyde steam in a glass desiccator for 10 min for cross
linking. Subsequently, the fiber with periodic spindle
knots was wash by ultrapure water and dried in a fume
hood.

2.5 Fabrication of gelatin films and degummed silk fibrion
films for water contact angle test

Gelatin/HFIP was poured into Teflon molds and dried at

room temperature to give gelatin films. For degummed

silk fibroin films, the degummed silk was dissolved in



Jiang et al. Collagen and Leather (2023) 5:4

HFIP at 50 °C for 3 days, and then the solution was
poured into Teflon molds and dried at room temperature.

2.6 Charactrization

The morphology of GSF fibers was observed by Scanning
electron microscopy (SEM, Apreo S HiVoc, USA) and a
contact angle tester (Harke-SPCAX1, China). Fourier
transform infrared (FTIR) spectra were obtained using a
IRTracer-100 spectrometer (Shimadzu, Japan). Mechani-
cal properties of the fibers were investigated by a fiber
tensile tester (YMO061FQ-120, China).

2.7 Water collection observation and analysis

Degummed silk and GSF fibers were hold by two retort
stands with extension clamps. An ultrasonic humidifier
was employed to supply the fog environment and the
humidity around the fiber was ~95% tested by a Digital
Thermometer Humidity Meter (PEAKMETER-PM6508).
A contact angle tester (Harke-SPCAX1, China) with digi-
tal camera was applied to observe the water collection.
Photos were taken by the camera connected to the Harke-
SPCAXI1, and analyzed by Image J. And the videos were
recorded by a screen recording software (Bandicam). The
volume of droplets was calculated according to reported
formula %nrﬁrb, where r, and r;, are the width and height
of the droplets. The purity of the collected water was
evaluated by testing the ohmic value obtained by a multi-
meter at constant distance between the electrodes.

2.8 Water contact angle (CA) test

The CAs of gelatin films and silk films were measured
through a contact angle tester (Harke-SPCAX1, China).
At least five individual values were collected and aver-
aged. A water droplet of 15 puL was used as the indicator.

2.9 Swelling and shrinkage observation of gelatin spindle
knot
The swelling and shrinking of gelatin knots were
observed and recorded by a microscope with a digital
camera (Phinex PH-100, China). For the swelling test,
fiber was gently put on a glass slide and little water was
injected by a micro syringe to immerse the knot and trig-
ger the swelling. For shrinkage, the water around the
knot was sucked away by absorbent paper and then the
knot started to shrink due to the continuous evaporation
of water.

3 Results and discussion
3.1 Characterization of GSF
The well distributed periodic spindle knots of the SCS
mimicking fiber is the key to achieve the high fog har-
vesting efficiency and ability. Figure 1 sketched a simple
dip-coating fabrication strategy applied in this study.
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Gelatin derived from porcine skin was dissolved in HFIP
to give gelatin/HFIP coating solution with different con-
centrations. Then, a degummed silkworm silk was soaked
into the gelatin/HFIP solution and drawn out carefully.
Due to the Rayleigh instability, the gelatin solution coat-
ing layer will break up and result in the periodic spindle
knots. After exposure in Glutaraldehyde steam, the final
fibers with periodic spindle cross-linked gelatin knots
were obtained. Under different solution concentration
conditions, the as-fabricated fibers showed various mor-
phology. As illustrated in Additional file 1: Fig. S1, at low
concentration (8 wt%), the size of the spindle knots was
small and meanwhile the break-up process was found
unsatisfactory because the diameter of the “joints part”
silk fiber was observed enlarged to~15 mm. Whereas,
at high concentration (12 wt%), the volume of the spin-
dle knots increased obviously accompanying the thicker
fibers. Optimal fibers were prepared by coating 10 wt%
gelatin/HFIP solution on silkworm silks. From the optical
image (Fig. 2a) we found that this moderate concentra-
tion could not only facilitate the break-up of the cylindric
liquid film on the silk surface but assist the formation
of the periodic spindle knots as well. Scanning electron
microscope (SEM) photos revealed that two types of sur-
face topography were constructed by the macromolecu-
lar self-assemble of gelatin. As illustrated in in Fig. 2b, the
nano-size wrinkled structure was observed on the surface
of the round spindle knot, which is the major topography
of the knots. Another typical morphology appeared on
minor knots was shown in Fig. 2c. The fast evaporation of
the solvent induced these ridge and valley structures on
the knots. Besides, higher magnification photos displayed
that the sub-micron cracks spread all over the knots’
surface. These rough surface of the two types of spindle
knots can magnify the pinning effect to TCL, which will
help speed up the moisture accumulation and the water-
hanging capability of the fibers [30].

FTIR was appplied to investigate the composition
of GSF10. As shown in Additional file 1: Fig. S2, both
degummed silk and GSF10 exhibited amid I peaks at
1616 cm™!, which are corresponding to carbonyl (C=0)
streching vibration from f-sheet. And amide II peaks at
1510 cm™! can be assigned to N-H bending and C-N
stretching. The peaks at 1265 and 1226 cm ™! (amide III
band) was assigned to the f3-sheet conformation. More-
over, after coated by gelatin, GSF10 presented a new
peak at 2883 cm ™!, which can be ascribed to amide A of
gelatin [31]. The mechanical property of the fibers is an
important factor for the practical application. Therefore,
tensile tests were conducted on degummed silk and vari-
ous GSF10 and the results were sumarrized in Fig. 3. It
is clear that after dip-coating, both the tensile stress and
strain increased dramatically. The tensile stress increased
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Fig. 2 The morphology of the fabricated fiber. a Optical image of GSF10. b and ¢ Two types of SEM images of GSF10
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Fig. 3 Stress—strain curves of degummed fibers and various

GSF10 (Treated GSF10: GSF10 that had been stored in a constant
temperature and humidity chamber at 40 degrees and 30% humidity
for 15 days; One-year GSF10: GSF10 that had been stored for around
one year)

from 466.2 to 852.2 MPa, and the tensile strain increased
from 16.1 to 19.2%. After being stored in at 40 degrees
and 30% humidity for 15 days, compared to fresh-made
GSF10, tensile stress of the treated ones decreased
slightly from 852.2 to 752.9 MPa, but the tensile strain
increased from 19.2 to 23.7%. Generally, the mechani-
cal properties and durability of GSF10 were relatively
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stable in high temperature and low humidity conditions
over a period of time. More importantly, after around
one year of indoor storage, the tensile stress decreased
from around 852.2 to 717.2 MPa, and the tensile strain
also decreased from 19.2 to 16.5%. These indicate that
as biomass-based material, the mechanical properties of
GSF10 did decrease with time. However, this weakening
is not significant and is within acceptable range.These
indicate that GSF10 obtained good mechanical property
that can be stored for a relative long time, which will help
to increase the lifetime of the device in practical use.

3.2 Fog collection property

The water angle test instrument with a camera that can
observe the in-situ water condensation process was
applied to evaluate the water uptaking ability of the fib-
ers. As shown in Fig. 4, compared with the original
degummed silk, the fibers coated by 8 and 10 wt% gela-
tin solution, namely GSF8 and GSF10, displayed much
enhanced fog collection ability by sustaining quite big-
ger droplets. To our surprise, quantitive analysis eluci-
dated that the maximum droplets holding by two knots
of GSF10 was calculated to be~16.70+£1.32 uL, which
was more than two times of the droplets volume col-
lected by GSF8 (~5.14£0.47 uL). By contrast, the ulti-
mate volume of drops collected bare degummed silk was
only ~2.53+0.16 uL, which was consistent with our pre-
vious report [23]. On the other hand, due to the fabulous
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Fig. 4 Digital photos show the largest water droplets could be collected by different fibers under ~95% RH. a Degummed silk. b GSF8. ¢ GSF10

water collection performance, the droplets collected by
GSF10 were large enough to be pipetted and weighed
by a high-precision analytical balance. The weight was
measured to be ~13.02+0.26 pg, similar to the result of
the volume calculation. The reason why the former value
is smaller may be due to the volatilization of water dur-
ing weighing since the balance is fixed in another room.
Intriguingly, by comparison of Additional file 2: Movie
S1 and Additional file 3: Movie S2, we found that under
same experimental conditions the degummed silk gained
a largest water droplet of ~ 2. 53 pL volume in 210 s, but
the GSF10 fiber could collected~9.87 and~16.70 pL
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water droplets in 210 s and 330 s, respectively, indicat-
ing the high-speed fog collection could be realized by
GSF10 fiber (Fig. 5a). Importantly, to evaluate the purity
of the collected water, we further tested the pH value
and the electrical resistance. As illustrated in Additional
file 1: Fig. S3, the pH of the collected water was 7.02, and
the electrical resistance was 1.81 MQ, which is slightly
smaller than that of potable bottle water (2.53 MQ) but
still larger than that in some other reports [32]. The neu-
tral pH and high resistance can manifest the high purity
of the collected water [33].

80
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— I\I_\{.\!\—}\:—Degummed Silk
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Fig. 5 a Water collection performance of GSF10 and uncoated degummed silk. b Time-dependent change of the water contact angle of gelatin

and gummed silk
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For natural SCS, the directional water collection behav-
ior depends on the TCL and the difference in Laplace
pressure between the joints and knots region [12]. And
for artificial SCS mimicking fibers, it could be controlled
by three main factors: chemical gradient induced chemi-
cal force (F(), hysteresis resistance (Fj) and curvature
gradient caused Laplace force (F;) [15, 16]. The equa-
tions of these forces of our case were demonstrated in
Additional file 1: ES1-3. In brief, the hydrophilicity of
gelatin and degummed silk fiber is critical to explain the
mechanism of the very fast directional water collection.
Therefore, we tested the water contact angles (CAs) of
the gelatin film and degummed silk fibroin film. As illus-
trated in Fig. 5b and Additional file 1: Fig. S4, the initial
CA of gelatin film was 44.23 £1.63° and it showed a dra-
matically decreasing trend over time. After 3 min, the CA
reduced to 17.57 £2.77°. More importantly, after 6 min,
it was only around 8.80£1.23°, which means that the
water immersed gelatin became a superhydrophilic mate-
rial [34, 35]. This is because that gelatin could absorb
water and be wetted by water very quickly. However, the
initial, 3 min and 6 min CAs of degummed silk fibroin
films were 73.63+1.12°, 65.87 £1.23° and 62.90+1.19°,
respectively. It is clear that gelatin is more hydrophilic
than degummed silk. Moreover, the superhydrophilic
wetted spindle knots region will enlarge the F. to the
knots direction. At the same time, a large Fy will occur
because of the rougher surface of knots, making it hard
to drive drops away from the knots. Additionally, in cur-
rent study, F; of drops on the knots is always> 0 due to
the R; cannot be larger than R on the spindle shape
knots. Consequently, driven by the combined action of
the above three factors, the tiny droplets were motivated
toward the hydrophilic knots region and middle drops at
a high velocity.

The TCL of water droplets has a significant influence
on the threshold droplets volume hanging on the fibers.
The TCL could be described as:

L =2m+ m (bl +b2) (1)

where, as displayed in Additional file 1: Fig. S4, m is the
contact length between the fiber and droplets, and b1/
b2 represent the diameter of the knots[36]. For GSF10,
m is~711.0 um and the diameter of the knots (b1l and
b2) is~78.1 pm. So the theoretical TCL is calculated to
be~1.9 cm. However, when water drops appeared on
gelatin spindle knots surface, water molecules will enter
the knots and the gelatin knots will undergo an obvi-
ous swelling and became more hydrophilic simultane-
ously. As sketched in Additional file 1: Fig. S5a & b, after
swelling, the height of the knots (b1’ and b2’) indicated
a~30% enhancement to~101.0 um, resulting in a larger
actual TCL (~2059 pum). The volume of a typical knot
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increased from 0.34 to 0.56 nL. Moreover, the swelling
behavior of spindle knots will affect the curvature vale (k)
of the knots. According to previous reports, the curva-
ture of the knots could be defined as k=tan a=(H-d)/L
(a=the semi-axis angle; H=the hump of height; d =the
diameter of the fiber; L=the length of hump) [22, 23].
After swelling, the k increased from 0.36 to 0.52. The
swelling induced larger TCL and k were conducive to
sustain bigger drops and speed up the directional collec-
tion [18]. Meanwhile, larger surface area of the spindle
knots could bring more spots for water collection [37].
A microscope with a digital camera was employed to
investigate the swelling and shrinkage behavior of gela-
tin knots. As displayed in Additional file 4: Movie S3 and
Additional file 5: Movie S4, when immersed in water, the
knot was observed to swell very quickly due to the high
hydrophilicity of the gelatin. After removing the water,
the fast dehydration induced a visible volume shrinkage
and recovered its original shape eventually. Even after
being immersed in water for seven days, the crosslinked
gelatin knots can still work well (Additional file 1: Fig.
S6a). Meanwhile, Wet/Dry cyclic water collection experi-
ment (one cycle was 12-h water collection and 12-h dry-
ing) showed that the water collection ability was almost
stable after 7 cycles (Additional file 1: Fig. S6b). This
smart behavior of the GSF is similar to the natural SCS
when subjected to humid area [21].

To study the fog collection procedure, a typical direc-
tional water collection process was observed and
recorded in Fig. 6 and Additional file 6: Movie S5. In the
high humidity (~95% RH) environment subjected the
fiber with spindle-knots, and then small water droplets
condensed on the surface of both the knots and joints
parts. Subsequently, due to the surface energy gradient
between these two parts and the roughness of the spin-
dle knots, most droplets were driven toward the knots
quickly and then coalesced into bigger droplets. Other
tiny water droplets moved to the middle area of the joints
between any two knots and constructed larger middle
droplets. These middle droplets could act as temporary
knots which may help accelerate the accumulation of fog.
As the diameter of droplets increased continuously, the
middle drops would contact the large knot drops, and
then coalesced larger drops appeared between two knots.
The continuous occurrence of this process eventually
led to huge water droplets gathering between the knots,
facilitating the fast directional fog collection.

Additionally, the comparison of the directional water
collection ability of gelatin coated degummed silk
(GSF), eMaSp2 coated degummed silk (eMaSp2 on
Silk), and nylon based fibers coated by PMMA (PMMA
on Nylon), PDMS (PDMS on Nylon), and PVDF (PVDF
on Nylon) is shown in Fig. 7. Compared to other



Jiang et al. Collagen and Leather

(2023) 5:4

Page 8 of 10

Fig. 6 Digital photos showed the formation of middle drops at different time of pionts (@ 0s; b 8s;¢30s; d 86 5)

artificial fibers, the GSF10 could sustain largest water
droplets (~16.70 pL) between two knots with moder-
ate TCL (~2 cm), which is larger than all Nylon-based
SCS mimicking fibers and more than two times as the
eMaSp2 on Silk. Even the PVDF on Nylon fiber with
quite bigger size knots (200 pm knot height, 666 pm
knot length and 98 pm fiber diameter), which claimed
to harvest largest volume of water droplet (~13.10 pL),
can hardly reach the water collection capability of
GSF10 (see Fig. 7a). To be precise, the volume-to-TCL
index (VTTI) was calculated to demonstrate the water
collection effiency of the fibers. As shown in Fig. 7b and
Additional file 1: Table S1, GSF10 fiber displayed high-
est VITI among all the reported fibers, owing to the
superhydrophilicity and roughness of the gelatin spin-
dle knots. Besides, the the weight of per unit of the GSF
(1.59 pg) is only ~ 2% of PVDF on Nylon fiber (63.7 pg).
The relationship between maximal volume and vol-
ume-to-mass index (VTMI) was summrized in Fig. 7c.
Although the VTMI of GSF10 is less than eMaSp2 on
Silk fiber, but it is larger than other fibers and GSF
can hold much bigger water droplets than eMaSp2 on
Silk fiber. In practical application, longer TCL useally
means the longer length of the fiber. Therefore, in a
given space with specific length, fiber with larger VTTI
could gain more water and subsequently enhance the
space utilization rate (Fig. 7d). More importantly, to
evaluate the scability of this novel fiber, the cost to pro-
duce one kilogram (~6.7 x 10° m) fiber was estimated

to be approximately 1.25 USD (see Additional file 1),
which is ecnomical and has the promise of being pro-
moted in reality.

4 Conclusions

In conclusion, we have fabricated a series of SCS mimick-
ing fibers by a facile dip-coating strategy toward high effi-
ciency fog collection. The superhydrophilic and rough
spindle knots constructed by crosslinked gelatin demon-
strated unparalleled directional water collection speed and
performance for harvesting~16.70 uL water within 330 s.
The threshold water droplet volme of this fiber is larger
than PVDF coated Nylon fiber that reported to collect larg-
est water droplet (13.10 uL) ever, but the TCL and mass of
per unit of GSF10 fiber are only 74% and 2% of PVDF on
Nylon fiber. The fiber also displayed a highest fog collec-
tion effeciency aomong all coated nylon fibers as well as
the eMaSp2 spidroin coated degummed silk in terms of
VTTL This ultra-high fog collection ability and efficiency
are attributed to the synergistic effect of the superhydrophi-
licity, surface roughness and volume swelling of the gelatin
spindle knots and the small diameter of degummed silk. The
novel fibers exbited good mechanical property even after
one year storage. The apllication of gelatin in this work can
not only provide a green and cost-effective strategy toward
the design and fabrication of eco-friendly fog collection
device with scalable potential, but broaden the application
of the widely available biomass—gelatin and silkworm silk.
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Abbreviations

SCS Spider-capture-silk

GSF Gelatin on silk fiber

TCL Three phase contact line

PVA Poly(viny! alcohol)

PMMA Polymethyl methacrylate

PS Polystyrene

PVDF Polyvinylidene difluoride

VTTI Volume-to-TCL index

VTMI Volume-to-mass index

HFIP 1,1, 1,3, 3, 3-Hexafluoroisopropanol
SEM Scanning electron microscope
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Additional file 1. Fig. S1 SEM image of fibers coated by 8% a) and 12% b)
gelatin/HFIP solution; ¢) Uncross-linked gelatin knots after 2 hours applica-
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