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ABSTRACT Human skin exhibits highly nonlinear elastic properties that
are essential to its physiological functions. It is soft at low strain but stiff at
high strain, thereby protecting internal organs and tissues from mechanical
trauma. However, to date, the development of materials to mimic the
unique mechanical properties of human skin is still a great challenge. Here
we report a bioinspired design of nanostructured elastomers combining two
abundant plant-based biopolymers, stiff cellulose and elastic polyisoprene
(natural rubber), to mimic the mechanical properties of human skin. The
nanostructured elastomers show highly nonlinear mechanical properties
closely mimicking that of human skin. Importantly, the mechanical

properties of these nanostructured elastomers can be tuned by adjusting
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cellulose content, providing the opportunity to synthesize materials that mimic the mechanical properties of different types of skins. Given the simplicity,
efficiency, and tunability, this design may provide a promising strategy for creating artificial skin for both general mechanical and biomedical applications.
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nonlinear elasticity

esearchers have long been intrigued

by the molecular mechanisms re-

sponsible for the nonlinear elasticity
of soft biological tissues such as human
skin.' > Several examples have been re-
ported in the design of nonlinear elastic
materials to mimic biological systems in-
cluding muscles,” sea cucumber dermis,’®
as well as spider silk.>” Human skin has a
three-layer structure: epidermis, dermis,
and subcutaneous tissue.®? Among these
three layers, the dermis is the principal layer
contributing to the mechanical properties
of the skin.'® The main structural compo-
nents of dermis are collagen and elastin,
two biopolymers with distinctively different
mechanical properties. Semirigid collagen
nanofibers provide the structural scaffold
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for dermis and are responsible for its
strength.”' Conversely, soft elastin fibers,
intertwined with collagen fibers via co-
valent bonds, provide skin elasticity and
resilience.’” The chemical connectivity be-
tween collagen and elastin fibers pre-
vents chain slippage and allows for skin to
undergo large, reversible deformation. The
unique combination of strong, semirigid
collagen nanofibers and highly elastomeric
elastin fibers chemically integrated in a two-
phase nanocomposite gives rise to the non-
linear mechanical properties of human skin.
For potential applications as skin substitutes
and for tissue engineering, several skin-
mimicking materials have been engineered
to imitate various biological functional-
ities of human skin."*”'> However, their
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mechanical properties are mostly far away from that of
human skin. Although cellulose/rubber composites
have been reported in the literature,'®™'® none of
them can closely replicate the mechanical properties
of human skin. Even though cellulose/rubber compo-
sites also exhibit nonlinear property, they do not show
the initial “toe” behavior, which is a critical character-
istic of human skin, and their strains at failure are 4—10
times higher than that of skin. To the best of our
knowledge, the design of materials to reproduce the
mechanical properties of skin is still a great challenge.

Recently, researchers have developed a microstruc-
ture model to explain the nonlinear mechanical prop-
erties of skin (Supporting Information Figure $1).%° Ac-
cording to this model, collagen fibers are uniformly
dispersed in an elastin matrix and are chemically
connected to elastin, with the elastin matrix also being
cross-linked. The intermolecular cross-links of elastin
play a crucial role in determining the characteristic
mechanical properties of skin, in which collagen fibers
are uniformly dispersed in the elastin matrix and are
chemically connected by elastic elastin. Inspired by this
model, we developed a strategy to prepare the syn-
thetic materials with mechanical properties close to
those of skin using two most abundant natural poly-
mers, cellulose and polyisoprene (PI). First, it would be
critical to combine two polymers with contrasting
mechanical performances—one semirigid and strong
and the other highly elastic—to mimic stiff collagen
and elastic elastin in skin dermis, respectively. Second,
the two polymers are chemically connected to allow
for large, reversible deformation. Third, the two poly-
mers microphase-separate into a multiphase nano-
composite in order to achieve the nonlinear me-
chanical properties of human skin. On the basis of
these criteria, here we choose two abundant plant-
based biopolymers, cellulose and natural rubber,
which possess the desired contrasting mechanical
properties, to design nanostructured elastomers mim-
icking the mechanical performance of human skin.
Cellulose and collagen exhibit similar mechanical char-
acteristics and are the two most abundant biopolymers
serving mechanical functions in plant and animal
tissues, respectively.?'?? Therefore, we choose cellu-
lose as a renewable and biocompatible biopolymer to
mimic stiff collagen. Furthermore, we select a highly
elastic biopolymer, polyisoprene (natural rubber), to
mimic the elastic component of skin dermis, elastin. By
covalently integrating these two natural biopolymers
with opposite mechanical properties, we have synthe-
sized two-phase nanostructured elastomers with the
desired mechanical properties that closely mimic hu-
man skin. Importantly, the mechanical properties of
the nanostructured elastomers can be tuned by ad-
justing cellulose content, providing the opportunity to
synthesize materials that mimic the mechanical prop-
erties of different types of skins.
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RESULTS AND DISCUSSION

The synthesis is illustrated in Figure 1. In the first
step, brush polymers with a stiff cellulose backbone
and elastic polyisoprene brushes are synthesized by
the newly developed living/controlled radical poly-
merization method, activator regenerated by electron
transfer atom transfer radical polymerization (ARGET
ATRP).2* Next, the brush polymers are cross-linked at
the chain ends of polyisoprene brushes via ARGET
ATRC (activator regenerated by electron transfer atom
transfer radical coupling)®* to form cross-linked brush
polymers (CBPs) (Figure 1a,b). The amphiphilic CBPs
self-assemble into a two-phase morphology consisting
of stiff cellulose nanospheres and an elastic polyiso-
prene matrix, similar to the morphology observed for
other brush polymer systems.?> Finally, facilitated by
cyclic tensile deformation, the cellulose nanospheres
are converted to cellulose nanofibers, which are dis-
persed in the polyisoprene matrix, resembling the
microstructure model of human skin (Figure 1c).

To demonstrate our nanostructured elastomers with
the mechanical properties comparable to different
types of human skin, we have prepared a series of CBPs
with cellulose content varying from 4.3 to 20.6 wt %
(CBP1—5 samples in Table S1) by controlling the
chain length of polyisoprene. Formation of the macro-
initiator (Cell-BiB) was confirmed by Fourier transform
infrared (FTIR) spectroscopy (Figure S2) and "H NMR
spectra (Figure S3), and successful synthesis of CBPs was
confirmed by solid-state CP/MAS "3C NMR (Figure S4)
and thermogravimetric analysis (TGA) (Figure S5).
From the CP/MAS '3C NMR spectrum of CBP1, we
estimate that the propagating polyisoprene chains
of about 28% were coupled via ARGET ATRC (see
Supporting Information), indicating the formation of
carbon—carbon bonds between the end groups of
polyisoprene brushes.

The microphase separation behavior of the CBPs
in the solid state was revealed by both dynamic
mechanical analysis (DMA) and transmission electron
microscopy (TEM) imaging. DMA curves during tem-
perature sweeps for CBP1—5 (Figure 2a,b) show two
distinct glass transition temperatures (T), agreeing
with a microphase-separated system (data summar-
ized in Table S1, Supporting Information). The Ty values
of the polyisoprene matrix phase range from —39 to
—31 °C, which are slightly higher than that of natural
rubber, presumably due to grafting to the rigid cellu-
lose backbone and cross-linking. In contrast, the T
values of the stiff cellulose backbone decrease from
184 to 64 °C with the increase of polyisoprene content.
These results suggest partial phase mixing between
the cellulose backbone and polyisoprene brushes.
With the increase of cellulose content, the compatibil-
ity decreases and the Ty of polyisoprene decreases
while the T4 of cellulose increases. In addition, the DMA
storage modulus curves for CBP1—5 (Figure 2b) show
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Figure 1. Design concept and synthesis of nanostructured elastomers mimicking the mechanical properties of human skin.
(a) ATRP macroinitiator (Cell-BiB) was prepared using the previously reported method.?® 1-Allyl-3-methylimidazolium
chloride (AMIMCI) is a room temperature ionic liquid. (b) Cross-linked brush polymers were synthesized via ARGET ATRP
and subsequent ARGET ATRC and self-assembled into two-phase morphology. (c) Two-phase morphology of CBPs can be
reconfigured into that close to the skin microstructure model with cyclic tensile deformation.
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Figure 2. Characterization of microphase separation behavior of CBPs by DMA and TEM. DMA curves of loss tangent, tan 6 (a),
and storage modulus, E’ (b), versus temperature for CBP1—5 samples, illustrating two distinct glass transition temperatures
(Ty). TEM micrographs for CBP1 (c) and CBP2 (d), showing the two-phase morphology. Polyisoprene matrix phase was
selectively stained with OsO,. The scale bar in (d) represents 100 nm and is applied to (c), as well.

increased mechanical strength with increasing cellu- mechanical analysis, the two-phase morphologies of
lose content at the intermediate temperature range CBPs were also confirmed by TEM imaging. Figure 2¢,d
relevant to practical applications. Besides thermal shows the typical TEM micrographs for CBP1 and
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CBP2, respectively, in which cellulose nanodomains
with diameters less than 100 nm are dispersed in the
polyisoprene continuous matrix phase.

Next, the synthesized CBPs were processed and
post-treated in order to reproduce the microstructure
model of human skin and mimic the mechanical per-
formance of human skin. As shown by the TEM images
(Figure 2c,d), the solid-state morphology of the as-
made CBP samples shows cellulose nanodomains dis-
persed in the polyisoprene matrix, which is different
from the skin microstructure model.! Accordingly, the
mechanical properties of the as-made CBP samples
measured by uniaxial tensile tests at room temperature
do not follow that of human skin, as indicated by the
stress—strain curve for CBP1 during monotonic tensile
deformation (Figure 3a, black line). Collagen in human
skin dermis exists in nanofibers formed by protein self-
assembly through polar and nonpolar interactions. A
recent work demonstrated that repeated large-strain
loading could lead to the persistent lengthening of
collagen fibers.?” Similarly, the cellulose nanodomains
in CBPs are also formed by polar and nonpolar inter-
actions. We reasoned that repeated tensile loading
should be able to convert the morphology of cellulose
nanodomains to cellulose nanofibers. Therefore, we
applied cyclic tensile deformation to CBPs to recon-
figure their morphology to that similar to the skin
microstructure model. The stress—strain curve during
cyclic tensile deformation for CBP1 (Figure 3a, blue
curve) shows large hysteresis in each cycle, with the
upper envelope of the cyclic tensile deformation curve
following closely the monotonic stress—strain curve
(Figure 3a, black line), agreeing with the reported
Mullins effect.?® After the cyclic tensile deformation,
the monotonic stress—strain curve of CBP1 (Figure 3b)
shows characteristic nonlinear elastic behavior resem-
bling human skin. While soft at low strain, the stiffness
of the treated sample rises gradually with increasing
strain and finally increases linearly before failure.

Real-time synchrotron small-angle X-ray scattering
(SAXS) and wide-angle X-ray diffraction (WAXD) ana-
lyses as well as TEM imaging revealed that the ob-
served dramatic change of mechanical behavior for
CBPs is due to reorganization of microstructure and
change of morphology induced by cyclic tensile de-
formation treatment. The 2D SAXS patterns of CBP1
during cyclic tensile deformation are shown in
Figure 3a. Without any treatment, the 2D SAXS data
of the as-made CBP1 show a completely isotropic pat-
tern at 0% strain, agreeing with the isotropic cellulose
nanosphere morphology observed by TEM imaging
(inset of Figure 3a). With an applied strain (120%), a
scattering streak on the meridian appears, indicating
plastic deformation and orientation of the rigid cellu-
lose nanospheres. Figure S6a shows the true stress
versus total true strain curve for CBP1 during the cyclic
deformation series in Figure 3a. From these curves, the
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plastic true strain, &p (remaining strain at zero load),
and elastic true strain, &g (recovered strain after
unloading), can be extracted. As proposed by Strobl
and co-workers,”® the maximal true strain, &, in each
cycle is the sum of a plastic component, &p, and an
elastic component, &g. The elastic true strain, &g, and
plastic true strain, &p, versus the maximal true strain, &,
at each cycle are shown in Figure S6b. It can be seen
that the plastic true strain increases rapidly at small
deformation and then levels off when the maximum
true strain overcomes a critical point (& = 0.62). The
type of change can be explained by converting the
crystalline lamellae into fibers by mechanical proces-
sing, as suggested by Strobl and co-workers.? This
result demonstrates that the cellulose nanospheres in
CBPs are converted into cellulose nanofibers, which
become stabilized after the cyclic tensile deformation.

After cyclic tensile deformation treatment, a duck
egg-like SAXS scattering streak on the meridian ap-
pears, further supporting that the cyclic tensile defor-
mation treatment has indeed converted the cellulose
nanospheres into nanofibers. The inset of Figure 3b
clearly demonstrates the formation of cellulose nano-
fibers. This morphological change was also confirmed
by 1D SAXS intensity profiles (Figure S7) and azimuthal
intensity profiles (Figure S8) for CBP1 during cyclic
tensile deformation. The 2D WAXD patterns of CBP1
confirm the absence of any crystalline structure during
tensile deformations (this is further demonstrated by
WAXD intensity profiles in Figure S9). From the azi-
muthal intensity profiles (Figure S10), it can be seen
that the polyisoprene chains are orientated along the
tensile direction during stretching and are disorien-
tated during relaxing. Moreover, Figure S11 shows the
nominal stress—nominal strain curves of CBP1 during
the first series of cyclic deformation (a), the second
series of cyclic deformation (b), and the third series of
cyclic deformation (c). It shows that the mechanical
properties of CBPs become almost stable after the first
series of cyclic deformation. Presumably, the micro-
structure of CBPs becomes stabilized after the first
series of cyclic deformation so that mechanical proper-
ties of CBPs become repeatable if subsequent defor-
mation does not exceed the previous deformation
range. Based on the SAXS, WAXD, and TEM data, in
the bottom of Figure 3a,b, we propose possible micro-
structure models corresponding to the various stages of
deformation. Eventually, we obtained CBP samples ex-
hibiting similar microstructure to the human skin micro-
structure model, with the stiff cellulose nanofibers
(collagen fiber mimic) interwoven covalently with the
elastic polyisoprene matrix (elastin mimic). Photos in
Figure 3c visually show that CBP1 (left side sample
marked by A) becomes compliant after the cyclic tensile
deformation (right side sample marked by B). We further
propose the following molecular origin for the observed
plastic deformation behavior. For the as-prepared CBPs,
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Figure 3. Cyclic tensile deformation to reconfigure the microstructure and reprogram the mechanical properties for CBPs.
(a) Nominal stress—nominal strain curves of the CBP1 during monotonic tensile deformation (black line) and cyclic tensile
deformation with maximum strains of 10, 20, and 30 and so on up to 130% (blue line). The strain rate was all fixed at 72%/min.
Inset shows TEM image of CBP1 before cyclic tensile treatment, showing the nanosphere morphology of cellulose. (b)
Monotonic nominal stress—nominal strain curve of CBP1 after cyclic tensile treatment. The dashed line indicates the strain at
60%. Inset shows TEM image of CBP1 after the treatment, which shows the formation of cellulose nanofibers. TEM samples were
prepared by cryo-microtoming the treated CBP1 sample in parallel to the tensile direction. Polyisoprene matrix phase was
selectively stained with OsO,. The black arrow indicates the tensile direction. The corresponding real-time 2D SAXS patterns, 2D
WAXD patterns (tensile direction is horizontal), and microstructural models for CBP1 during tensile deformation are displayed
along with the stress—strain curves. (c) Photos of CBP1 before (A) and after (B) the cyclic tensile deformation. After the cyclic
deformation treatment, the material became significantly more compliant so that the weight of a clamp could bend it.

hydrophilic cellulose backbones collapse into nano-
spheres uniformly dispersed in the polyisoprene matrix.
The cellulose nanospheres are covalently connected by
elastic polyisoprene chains during the polymerization
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and cross-linking. During the cyclic tensile deformation,
the stress is transferred from polyisoprene chains to the
covalently linked cellulose nanospheres. As the trans-
ferred stress is sufficiently high to overcome the physical
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Figure 4. Tensile mechanical data for the bioinspired nanostructured elastomers and human skin samples. Monotonic
nominal stress—nominal strain curve of CBP1 after cyclic tensile deformation treatment (a). The ultimate tensile strength is
the maximum stress until failure of the specimen, A. The failure strain is the maximum strain obtained before failure, B. The
initial elastic modulus is the slope of the curve at infinitesimal strains, C. The elastic modulus is defined as the slope of the
linear portion of the curve, D. Monotonic nominal stress—nominal strain curves of CBP1—5 (b) and samples plasticized with
20 wt % mineral oil (CBP1—5M) (c) after cyclic tensile deformation treatment described in Figure 3a. Stress—strain responses
of human skin samples reported in the literature (d)."*° The graph was digitized via GetData Graph Digitizer. The strain rate

was all fixed at 72%/min.

interactions within cellulose nanospheres, cellulose nano-
spheres are converted into nanofibers and oriented along
the tensile direction. After the tensile stress is released,
the elastic polyisoprene chains recover quickly due to
an entropic reason, which endows CBP samples an
elastic behavior. However, there is no driving force to
convert cellulose nanofibers back to nanospheres,
resulting in the observed plastic deformation behavior.
As reported by Weitz and co-workers, cyclic tensile
deformation of collagen fibers can also lead to the
plastic lengthening of collagen fibers?” The strain-
induced cellulose nanofibers resemble collagen nano-
fibers in skin, and the combination of the stiff cellulose
nanofibers and the elastic Pl contributes to the close
mimic of skin mechanical properties.

Crucially, the cellulose—polyisoprene nanostruc-
tured elastomers after cyclic tensile deformation treat-
ment exhibit nonlinear elastic properties closely
mimicking those of human skin. The tensile properties
of CBP1-5 after cyclic tensile deformation were thor-
oughly investigated and compared with those of hu-
man skin reported in the literature."*° The nonlinear
mechanical characteristics of CBP1—5 (Figure 4b) are
very similar to those of human skin (Figure 4d), as
measured by stress—strain curves at the same strain
rate of 72%/min. While relatively large deformation
occurs at low stress, their stiffness rises gradually with
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increasing strain and finally increases linearly before
failure. To the best of our knowledge, no synthetic
materials reported previously show such nonlinear
mechanical properties so closely mimicking those of
human skin. In particular, the initial “toe” regions in
nominal stress—nominal strain curves at early defor-
mation observed in our materials have not been seen
in other synthetic polymers reported so far. This “toe”
behavior is a critical mechanical characteristic of hu-
man skin, which allows skin to be easily deformable at
low strains and makes it feel soft. According to the
solid-state CP/MAS ">C NMR spectra (Figure S4), the
propagating chain ends of 28% are coupled via ARGET
ATRC, which means that a major fraction of the PI
chains are not end-capped. These free chains may act
as plasticizers, possibly helping lower the initial mod-
ulus, which is important to mimic the “toe” region of
skin. Animal skins exist in the hydrate state, in which
water molecules act as plasticizers to allow skin to have
high strains with very low stress. In addition to replicat-
ing this unique “toe” behavior in the early deformation,
our materials also show strong strain hardening in the
late deformation stage similar to human skin. Finally,
the maximal strains at the break of our materials
are also very close to the values for human skin
(50—150%). While some comparable properties may
be found in other synthetic materials in the late
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deformation stages, the ability to combine three key
mechanical characteristics of skin (i.e., the “toe” behav-
ior in the early deformation, strong strain-hardening
in the late deformation, and appropriate maximal
strains at break) makes our materials very unique.
The molecular origin for the unique mechanical prop-
erties of CBPs can be described as follows. At low
strains, cellulose nanofibers are relaxed, and a soft
elastic polyisoprene matrix is responsible for the initial
mechanical properties of CBPs, which allows CBPs to
have a “toe” region (low stress). After polyisoprene
chains are straightened, stress is transferred to cellu-
lose nanofibers and the modulus increases gradually
with the alignment of cellulose nanofibers. Finally, the
cellulose nanofibers are straightened, and CBPs show
the stiff properties of aligned cellulose nanofibers.

In order to quantitatively compare the mechanical
properties, a number of key characteristics from the
stress—strain curves were identified as descriptive
parameters and are illustrated in Figure 4a. These
mechanical parameters for CBP1—5 as well as human
skin'° reported in the literature are summarized in
Table S2. The ultimate tensile strength for CBP1—5
ranges from 34.3 £+ 2.3 to 9.7 &+ 0.5 MPa, the failure
strain from 53 + 7 to 166 + 13%, the initial elastic
modulus from 11.3 + 0.6 to 2.1 & 0.3 MPa, and the final
elastic modulus from 142.5 4+ 4.6 to 18.0 + 1.2 MPa. It
can be seen that most of our experimental results
fall within the ranges of human skin found in the lit-
erature, except that the initial elastic moduli of CBP1
(11.3 + 0.6 MPs) and CBP2 (6.6 £+ 0.9 MPa) are slightly
higher. Moreover, the elastic recovery values of
CBP1-5 (Figure S12) range from 72.8 to 97.2%, which
are also comparable to that of human skin.3' As human
skin is hydrated with water, we added 20 wt % mineral
oil to plasticize CBPs and modulate their mechanical
properties. The stress—strain curves of the plasticized
CBPs (CBP1-5) after cyclic tensile deformation treat-
ment are shown in Figure 4c, and their mechanical
properties are also summarized in Table S2. Itis evident
that the mechanical properties for the plasticized
samples are even closer to those of human skin, with
the initial elastic moduli of CBP1—5M all falling in the
range for human skin. Furthermore, the stability of
the mechanical properties of CBPs was investigated.

MATERIALS AND METHODS

Samples Synthesis. As shown in Scheme S1, preparation of the
cellulose-based macroinitiator (Cell-BiB) was performed using
previously published protocols.?® As shown in Scheme S2, CBPs
were synthesized via ARGET ATRP with in situ ARGET ATRC.*®
After being polymerized at 70 °C for 48 h, the resulting products
were washed with THF to remove the catalyst and residual
monomers and then dried under vacuum. The CBP samples
were characterized by FTIR, "H NMR, solid-state CP/MAS '3C
NMR, and TGA measurements.

WANG ET AL.

Figure S13 shows the respective stress—strain curves
for CBP1—5 taken either immediately or 2 days after the
cyclic tensile deformation. The shapes of the stress—
strain curves for CBP1—5 only change slightly after 2
days, demonstrating that the CBPs can maintain the
desired skin-mimicking mechanical properties over time.

Skin surface wettability is an important factor of the
skin protective function. Hence, we further investi-
gated the wettability of CBPs and compared it with
that of human skin. Water contact angle measurement
is a conventional method to determine the relative
wettability of materials.3>** Water contact angles for
CBP1-5 increase from 68.5 + 1.3 to 82.3 &+ 3.0° with
the increase of polyisoprene content (Figure S14).
Importantly, the wettability of CBP films is very close
to that of human skin (water contact angle = 68 + 8° for
women, 86 & 10° for girls, and 88 + 6° for boys).>* 3% It
also shows that the wettability of CBPs can be easily
controlled to mimic different types of human skins by
changing the chemical composition of the nanostruc-
tured elastomer materials.

CONCLUSIONS

Our results demonstrate a simple and effective strat-
egy for designing new materials mimicking mechanical
properties of human skin. By combining two naturally
abundant biopolymers having contrasting mechanical
properties, such as cellulose and natural rubber, we
created a new type of nanostructured polymers with
microstructures similar to that of the human skin micro-
structure model and mechanical properties comparable
to those of human skin. The well-defined synthetic
method allows for fine-tuning of the structures and
mechanical properties of the designed nanostructured
elastomers to mimic different type of skins. While the
focus of the current study is mainly on exploring the
new biomimetic design strategy, we believe that such
materials can find various applications. For example,
they may be used as skin mimics for robotics, prosthe-
tics, and smart electronic devices. They may also be
adopted for preparing artificial leathers that can more
closely mimic human skin properties for comfortable-
ness. With further development, we can apply the
strategy to more biocompatible components to design
a true skin substitute.

Tensile Tests. The cyclic tensile deformation and monotonic
tensile tests of CBPs were carried out using a Linkam TST 350
tensile deformation test machine at room temperature. Each
sample of CBPs was cut into a dog-bone-shaped specimen with
a thickness of about 1 mm for the cyclic mechanical processing
and mechanical property tests.

Morphology Characterizations. Low-temperature ultrathin sec-
tions (90 nm) were cut on a Leica EM Fc6 ultramicrotome, and
the TEM observations were performed on a JEM-2010 conven-
tional TEM operating at 120 kV. The polyisoprene matrix was
stained by the vapor of 1% osmium tetraoxide (OsO,) solution
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before TEM observation. Synchrotron SAXS measurements
were performed at SSRF, Shanghai, China. The wavelength of
the X-ray radiation was 0.124 nm, and the sample-to-detector
distance was 2417 mm. Synchrotron WAXD measurements
were carried out at X-ray Diffraction and Scattering Beamline
(U7B), National Synchrotron Radiation Laboratory (NSRL) in
Hefei, China. The wavelength used was 0.154 nm. A detailed
description of all applied techniques and characterization is
given in the Supporting Information.
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