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Protein materials evolved in nature for millions of years can display critical structural and functional properties
which is difficult for synthetic polymers to surpass. Hence, the combination of multiple components or hierar-
chies from natural source through a facile method may stand out as a forerunner to materials design and appli-
cation. Inspired from metalloprotein, this study reported an organic-metal biosystem based on chromium (III)
complexed collagen fibrous matrix (Cr-CFM). The obtained Cr-CFM retains inherent conformation of collagen
and its fiber morphology in the skin. Compared with pristine CFM, Cr-CFM showed enhanced waterproofness
and breathability. Due to coexistence of hydrogen bonds and newly introduced chromium (III) complexing link-
ages, Cr-CFM exhibited water-adaptive mechanical property. In this organic-metal biosystem, hydrogen bonds
show reversible cleavage-reformation under water interference while chromium (III) complexing linkages re-
mains stable. Such combination of “switch” and “netpoint” facilitated water responsive shape memory ability
of Cr-CFM with shape fixation and recovery reaching over 80%. The reveal of relationship between structure
and coalesced properties of Cr-CFM herein is believed to promote progress of smart protein materials and give
inspirations to synthetic polymers.
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1. Introduction

As the fundamental building blocks of vast array of biological mate-
rials, protein is responsible formany critical functions of life. Their prop-
erties mainly depend on its amino acid sequence and hierarchical
assembles [1]. Generally, amino acids have different physicochemical
properties and side chains in various spatial arrangement, which can
promote self-assembly and formation of structural hierarchy of poly-
peptide with different sequence [2]. The resulted characteristic confor-
mation includes α helix, β sheet, triple helix and random coil [3].
These structures can exist in biological tissues either alone or simulta-
neously to perform specific functions. Bones, skin and natural silk are
examples of materials that have integrated elasticity, strength, and ro-
bustness unmatched by many synthetic materials. Fortunately, some
protein materials are available in large quantities in nature, and thus
can be directly utilized by human. Among them, collagen is one of the
most abundant protein found in animal body.

Collagen has a unique right-handed triple helical structure com-
posed of three intertwined left-handed α helices. Such 3-dimentional
conformation can dynamically adapt to load application by self-
organization and self-arrangement. Since collagen has excellent biolog-
ical (e.g. biocompatibility, low antigenicity and biodegradability) and
physical properties (e.g. mechanical strength, structural stability) [4,5],
researches have tried to extract collagen from tissues and prepare
collagen-based materials for various applications [6]. Fibers and films
are common forms of these reconstructed collagen-based materials
[7,8]. It is believed that the closer to natural state, the better the perfor-
mance of biomaterials [9], however, processes of extraction or spinning
would destroy structure of collagen to a certain extent due to solvent-
induced hydrolysis effect, not to mention the formation of a tissues-
analogous hierarchical structure. An alternative method for preserving
original collagen assembles is to remove non-collagen component
from target tissue. One of the successful examples is preparation of
collagen-basedmaterials from animal skin [10]. Specifically, as essential
structural component in skin, collagen naturally grows into a unique fi-
brous structure which aims to provide skin with toughness, ductility
and permeability, as well as maintain skin appearance. Many artificial
materials are designed to mimic such fibrous matrix [11]; however,
their performance is not comparable to the natural one due to their
lack of integrated features from composition to structure. Hence, prod-
ucts prepared by methods including decellularization and
electrospinning [12,13], which retain fibrous structure of skin, such as
decellularized dermal scaffolds [14], wound dressings [15], grafting
[16] have an unsurpassed and irreplaceable position since they meet
the sophisticated requirements in practical applications. Nevertheless,
compared to other natural biomass materials (e.g. cellulose [17])
which have been extensively studied for various applications, research
on collagen-based materials is largely limited to biomedical field.
Hence, this study aims to reveal the new functionals of collagen-based
materials from other application perspective, which may bring new in-
sights to this type of natural materials.

More recently, we found that collagen has intrinsic water adaptive
ability, namely the self-assembly of collagen fibers through cleavage
and reforming of abundant hydrogen bonds (H-bonds) within peptide
chains [18,19]. This kind of behavior is similarly to mechanism of
some smartmaterials, such as shapememorymaterials of which the ex-
istence of reversible bonds plays an essential role [20]. Generally, mech-
anism governing shape memory effect of polymers can be explained by
a netpoint-switch model where netpoint determines permanent shape
while reversible bonds act as switches to allow temporary shape change
[20]. In this case, collagen-basedmaterial possesses native “switch” ele-
ment for realizing shapememory ability, while the challenge lies on in-
troducing suitable cross linkages as “netpoint” into collagen matrix for
stabilization of permanent shape. Metalloproteins containing stable
protein metal-binding sites [21] give us inspiration that generation of
organic-metal complex may provide a feasible approach to endow
structural protein materials with more specific functions. Such hybrid
system may also lead to complete set of properties and bring new un-
derstanding of smart functionality of proteinmaterials. According to Va-
lence bond theory [22], chromium (III) can form inner orbital complex
with collagen peptides [23,24]. Other research found that chromium
(III) created DNA-protein crosslinks by binding with reactive amino
acids [25] while other metals such as Ni (II) cannot participate directly
in the DNA-protein crosslinks [26]. Thus, compared with other metals
(e.g. aluminum (III), iron (III), zinc (II), etc.), the hybrid of chromium
(III)-collagen system can provide a stable platform as the research ob-
ject. Besides, chromium (III) can be multi-point bonded with carboxyl
group on peptide chain [25]. Such structure may lead to novel proper-
ties of final product, which remains to be studied.

Herein, we proposed organic-metal biosystem where chromium
(III) was chosen to complex with collagen to establish a reliable model
for investigation of functionalized collagen fibrousmatrix. The obtained
Chromium (III) complexed collagen fibrous matrix (Cr-CFM) possesses
complete skin fibrous structure and preserves collagen conformation,
together with coalesced breathability, mechanical and water-
responsive shapememory ability. The in-depth investigation of mecha-
nism behind these functions were also conducted frommacro structure
to molecule levels. The establishment of such hybrid bio-model may
promote utility of collagen fiber as a treasured resource for bio-based
materials, benefit tunable protein functionalization, as well as give in-
spirations to invent or perfect the synthetic polymers.

2. Experiment

2.1. Materials and preparation of Cr-CFM

The pickled calfskin (pH of 2.8–3) with all non-collagen substances
removed was obtained from local tannery. Basic chromium sulphate
(HG/T2678-2007) was purchased from Zhenhua Chemical, China.
Formic acid and sodium carbonate were supplied from J&K chemical
Hongkong. Laboratory-made deionized water was used throughout.

Collagen fibrousmatrix (CFM) was obtained bywashing the pickled
calfskin several times to remove acid and salts. To prepare the chro-
mium complexed CFM (Cr-CFM), pickled calfskin was treated with
basic chromium sulphate 6–8% (on weight of calfskin) with 150% of
water (onweight of calfskin) as the bathmedium. Formic acid (85%) di-
luted and added to the bath to adjust pH to 2.5–3 which is beneficial to
the loosening of collagen fibrous network, exposing of reactive groups
on collagen, as well as penetration of chromium sulphate to promote
the later reaction. In this step, color of cross-section of specimenwas ex-
amined at certain intervals to ascertain the penetration degree of chro-
mium sulphate. Upon completion of penetration, 10% alkali solution
was added to the bath to raise pH to 3.8–4.0 to trigger the complexing
reaction [23]. After 5 h of reaction at temperature of 38–40 °C, the spec-
imen was taken out and rinsed with 300%water (on weight of calfskin)
for 40 min each time. Herein, after three times rinsing, the water be-
comes transparent, which indicate complete cleaning of specimen ac-
cording to visual colorimetry. The obtained CFM and Cr-CFM with a
thickness of 1.5–2 mmwas vacuum dried before testing. The hierarchi-
cal fibrous network and proposed chromium-collagen complexing
structure of Cr-CFM is illustrated in Fig. 1a. Generally, CFM has a natural
fibrous network formed by interlaced collagen fiber bundle which com-
posed of collagen fibril with a parallel staggered array of collagen mole-
cules. The molecular conformation of collagen triple helix confers strict
amino acid sequence of α helix chains.

2.2. Materials characterization

Characteristic molecular structure of CFM and Cr-CFM were exam-
ined using Fourier Transform spectroscopy (Perkin Elmer Spectrum
100, USA). Themorphology of sampleswas observed by a scanning elec-
tron microscope (TESCAN VEGA3). Elemental analysis of selected area



Fig. 1. Structural characterization of CFM and Cr-CFM: (a) scheme of proposed hierarchical network and molecules structure; (b) FTIR spectra; (c) Raman spectra; (d) XRD patterns;
(e) DSC characterization; (f) thermal decomposition analysis.
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in sample was obtained by using EDS attached to SEM. Simulation of
molecular chain was conducted by using ChemDraw 8.0. Porosity anal-
ysis based on SEM images of CFM and Cr-CFMwas proceeded by ImageJ.
The crystal and amorphous structures of samples were investigated by
Rigaku Smart Lab XRD system (9 kW) that is equipped with Cu
Kαradiation with a wavelength of 1.54 Å. The 2θ range was from 3° to
70°. Thermal stability of samples against time from 25 °C to 700 °C
with a heating rate of 10 °C/min was measure using a thermal analyser
(METTLER TOLEDO, USA). Water contact angles on CFM and Cr-CFM
were tested by the OCAH200 high-speed video contact angle measurer
(DataPhysics Instruments GmbH Ger, Filderstadt, Germany). The water
vapor permeability (WVP) of samples wasmeasured by ASTM E96 Pro-
cedure A-Desiccant method through a Haida International chamber
(Model-HD-E702-100-4, Dongguan, China) with controlled function of
constant temperature (25 °C) and relative humidity (50%). Briefly, the
mouth of a jar containingwaterwas sealed by sample. The initialweight
(M0) of the jar was recorded before placed into chamber. After several
hours (t), the jar was taken out and the final weight (M1) was mea-
sured. The mouth of jar as the testing area (S) was calculated. WVP,
calculated by equation of WVP = (M1-M0)/(S × t) × 24, means the
weight change of jar through the unit area of sample per day (g/
m2·d). Water swelling ratio (WSR) of samples was determined use
equationWSR= (W-W0)/W0 × 100%whereW is theweight of swollen
sample at different times and W0 attributes to the weight of dried one.
Mechanical properties of CFM and Cr-CFM with a length of 10 mm
and width of 5 mmwere measured by using Instron 5566 at an elonga-
tion rate of 50 mm/min. Shape memory ability of samples was qualita-
tive studied. Straight Cr-CFM was wetted and deformed into a helix
shape which was fixed after drying. To triggering recovery, sample
was immersed into water again. The shape change of sample during
testing was recorded by camera. For quantitative characterization of
shape memory ability of CFM and Cr-CFM, cyclic tensile testing accord-
ing to previous research [27] was performed on samples using an
Instron 5566. Briefly, the wetted sample was elongated to a certain
value of strain (ε1). The extended sample is dried and fixed at room
temperature for 12 h. After removed the load, strain would decrease
to a value of ε2. Then the sample is immersed in water again to allow
full recovery. Accordingly, the uncovered strain would decrease to ε3.
The onset of next tensile was from ε3 to ε1. The shape fixation ratio
(Rf) and shape recovery ratio (Rr) was calculated respectively by equa-
tion: Rf = ε2/ε1, Rr = (ε1-ε2(N))/ε2(N-1). N represents the Nth cycle of
the programming. Shape memory ability of Cr-CFMwas also studied by
bending cyclic test. The straight sample with original angle (θ0) of 0°
was wetted and bended to the setting angle (θs) of 90°. The fixed
angle (θf) without constrains was measured after drying at 40 °C for
3 h. Then, sample was immersed in water at 25 °C for 40 min for fully
triggering of shape recovery to a certain angle (θr). Rf and Rr which
were calculated by equations of Rf = θf/θs and Rr = (θr-θs)/(θ0-θs) re-
spectively. The modulus of Cr-CFM under drying and wetting condition
with increasing of temperature was tested under the Metter Toledo

Image of Fig. 1
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DMA operated in 1 Hz with a sample gauge of 10 mm in length and
5 mm in width.

3. Results and discussions

3.1. Structure and morphology analyses

As shown in FTIR spectra (Fig. 1b), typical absorption bands of colla-
gen can be observed on CFM and Cr-CFM. Specifically, peaks at
3305 cm−1 and 3087 cm−1 are associatedwith amide A and B bands re-
spectively due to stretching vibrations of N\\H. Amide I band associated
with stretching variations of C_O is found at 1631 cm−1, while Amide II
deriving from rom N\\H bending and C\\N stretching can be observed
at 1546 cm−1. There is a strong peak at 1240 cm−1 which is assigned to
C\\N stretching and N\\H bending vibrations from amide III, as well as
wagging vibrations of CH2 groups in glycine backbone and proline side
chains [28]. These characteristic bands qualitatively verify collagenmo-
lecular structure of both CFM and Cr-CFM. To quantify the degree of tri-
ple helix preservation following chromium complexing treatment, FTIR
absorption ratio of amide III to 1450 cm−1 band (AIII/A1450) was deter-
mined in both CFM and Cr-CFM. The AIII/A1450 of CFM is 1.13, consisting
with previous research results [29]. As in the case of Cr- CFM, a lowered
amide ratio (AIII/A1450=0.95)was found. The decreasemay be resulted
from slightly hydrolysis of collagen in acidic environment. It is recog-
nized that the ratio (AIII/A1450) of approximately 1.0 reveals triple-
helical structure of collagen since the ratio for denatured collagen (gel-
atin) is≈0.6 [30]. Thus, the results indicate that the triple helix confor-
mation of Cr-CFM is not destructed by chromium. In other words,
chromium can complex with collagen but without destroying its back-
bone structure. Fig. 1c shows the Raman spectra of CFMand Cr-CFM. Ac-
cording to literature values [19], peaks ascribed to vibrations of amide I
(1640 cm−1) and amide III (1246 cm−1) are identified. Bands corre-
sponding to COO (1421 cm−1) which comes from aspartate and gluta-
mate are also observed. These functional groups represent the donor
and acceptor of hydrogen bonds within collagen. Notably, compared
to CFM, Cr-CFM exhibits a small new peak at 860 cm−1 which arises
from the Cr (III) [31,32] attached to the collagen.

Microstructure of CFM and Cr-CFM were examined by X-ray
diffraction, as shown in Fig. 1d. There is a small peak (a) at 2θ angles
around 7.8° related to intermolecular lateral packing of collagen
molecules while the broad peak (b) at 2θ = 22° corresponds to
amorphous scatter arises from random coils. Besides, a small peak
(c) can be observed at 2θ = 31° which attributes to periodicity of
axial rise per residue [33]. These peak positions of CFM and Cr-CFM
are consistent, indicating their structural similarity. Nevertheless, Cr-
CFM shows a lower intensity of peak (b) than CFM, implying its de-
creased amount of amorphous region which may result from
complexing of chromium that lead to higher crosslinking order of Cr-
CFM. As shown in DSC results (Fig. 1e), a broad peak is detectable
from temperature around 60 °C. Such change in heat capacity involves
in unfolding of individual α helices into random coils of collagen [34].
Specifically, transition peak for CFM is found at 70.5 °C with △H of
51.9 J/g. After chromium complexing, the peak of Cr-CFM shifted to a
higher temperature region of 74.5 °C with△H of 236.9 J/g. The shifting
in transition temperature and increased enthalpy prove the existence of
strong interactions between chromium and collagen which can en-
hance cohesive energy between peptide molecules and benefit struc-
tural stability of collagen matrix [24,35]. Herein, thermal stability
study was conducted, and results are shown in Fig. 1f. TGA curves of
CFM and Cr-CFM exhibit two stages of thermal degradation process.
The first stage starting from ~50 °C is due to release of water molecules
working as structural bonds within α helix. It is reported that in addi-
tion to self-sufficient hydrogen bonds, the “water bridge bond” also
contributes to configuration stability of triple helix [36]. Another main
stage starting from ~250 °C corresponds to beginning of collagen de-
composition [19]. These two stages can be clearly distinguished from
DTGA curves where two corresponding peaks are observed. The value
of peak represents maximum decomposition rate. During the first
stage, Cr-CFM shows a higher release rate of water molecules than
CFM. This may be because that chromium occupied the groups (e.g.
COO)which can formhydrogen bondswithwater, weakening the inter-
actions between collagen and water molecules. For decomposition of
collagenmatrix, the rate of Cr-CFM is slower than that of CFM. The hor-
izontal axis of the peak represents temperature corresponding to the
maximum decomposition rate. It is found that Cr-CFM (336 °C) has a
higher decomposition temperature than CFM (315 °C). Therefore, Cr-
CFM exhibited a superior thermo-stability compared with CFM, which
can benefit its application in specific fields, particularly under high tem-
perature condition.

SEM images of cross section for CFM (Fig. 2a) and Cr-CFM (Fig. 2b)
both showuniquefibrous structurewith nonwoven-analogous features.
It can be seen that collagen fibers are intertwined to form a fibrous net-
work where the fiber bundles are aligned either in the plane or nearly
vertical to the plane. Such fiber alignment leads to a 3D structure with
voids in CFM (Fig. 2a). After complexingwith 3.83% Cr (element weight
ratio), the fibrous structure becomes looser while the collagen fiber
alignment remains barely change (Fig. 2b). EDS analysis was applied
in the selected area of CFM and Cr-CFM to characterize their elemental
composition. Strong peaks of C, N andOwhich are basic elements of col-
lagen protein, were detected in both CFM and Cr-CFM and show similar
content proportions. It is noticed that in the spectrum of Cr-CFM, a new
peak attributed to element of Cr appeared, confirming presence of chro-
mium. Previous researches have proved that Cr can react with COOH on
collagen. The resulted multidentate coordination can be regarded as
bridge bond between peptide chains [25,26]. Accordingly, theoretical
and simulative molecular structure of Cr-CFM is illustrated in Fig. 2c1
and c2 respectively, which demonstrate rationality of the formation of
chromium-collagen complex that can works as “bridge bond” between
two polypeptide chains to generate a cross-linked network. From
Fig. 2d1, the intertwining of collagen fibers of Cr-CFM can be observed.
The highly ordered fibrils aremore clearly in the highmagnification im-
ages of individual fiber bundles (Fig. 2d2 and d3). Particularly, the dis-
tinctive D-period structure with alternative dark (about 0.4 D overlap)
and light banding (about 0.6 D gap) patterns [37] can be observed
from collagen fibril, implying the retaining of bio-inherent hierarchical
structure. In other words, polypeptide chains of Cr-CFM can maintain
their native helical conformation and packed together in a definite
and ordered structure, which is an important trait that distinguishes it
from other synthetic materials.

3.2. Breathability

The surface contact angles (CA) of CFM and Cr-CFMwere evaluated.
Results (Fig. 3a) showed that CA of CFM gradually decreased with time
due to its high hydrophilicity and absorption of fibrous matrix. As ex-
pected, chromium complexing can significantly improve waterproof-
ness as the CA of Cr-CFM showed minor changes over time.
Particularly, CA of Cr-CFM still maintained at ~120°. Previous research
provide that chromium complexing would consume hydrophilic
group of carboxyl on collagen [25]. And content of carboxyl group can
affect the hydrophilicity of the material. Thus, the superior water resis-
tance of Cr-CFM which may result from its compact surface structures
and reduced content of hydrophilic groups exposed on surface. Water
vapor permeability (WVP) is related to breathable property of mate-
rials. Higher WVP allows transmission of water vapor away from body
easily, which benefits wearing comfort. Herein, WVP of CFM and Cr-
CFM was investigated. As shown in Fig. 3b, WVP of Cr-CFM is four
times that of CFM. Meanwhile, compared to commercial polyurethane
which are common breathable film products, Cr-CFM shows outstand-
ing WVP performance. The increased WVP of Cr-CFM may resulted
from its enhanced porosity. The results suggest that Cr-CFM is able to
exclude water at room temperature but allow air and water vapor to



Fig. 2. SEM images and EDS spectra of (a) CFM and (b) Cr-CFM; (c1) proposedmolecules structure and (c2) simulation of chromium-collagen complexing chain; SEM images of hierarchal
structure of Cr-CFM: (d1) nonwoven analogous network; (d2) assembly collagen fibril; (d3) individual collagen fibral with axial D-periodicity.
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pass through the cross section. Such unsurpassed breathability of Cr-
CFM may come from its natural fibrous porous structure since captur-
ing, penetration and diffusion of water vapor are important aspects to
enhance water vapor permeability [38].

Fig. 3c shows that water swelling ratio (WSR) of CFM increasedwith
immersing time and reached an equilibrium WSR of 400%. In compari-
son, WSR of Cr-CFM increased fast at beginning and reached the final
equilibrium WSR of 70% which is much smaller that of CFM, indicating
the decreased water loading property of Cr-CFM. This may due to that
chromium-collagen bonding improved the crosslinking of collagen net-
work, restricting the stretching of collagen chains and limits further
penetrating of waters and volume expansion. In order to determine
the nature of water diffusion process which contributes to water-
responsive property, kinetic analysis of CFM and Cr-CFM with a
second-order equation [39] was conducted as shown below:

dW=dt ¼ k We−Wtð Þ2 ð1Þ

whereW,We and k denote the degree of swelling at any time (t), degree
of swelling at equilibrium, and swelling rate constant, respectively. Inte-
gration of Eq. (1) gives the following equation:

t=W ¼ Aþ Bt ð2Þ

Herein, A= 1/k2, B = 1/We. And A and B are the intercept and slope
of (t/W)~t relationship curve respectively. Graphs were plotted against
(t/W) and t (Fig. 3d) to examine the above kinetic model. The value of k
was calculated based on the fitting curve. It is showed that theoretical
fitting curves are consistent with experimental results, which confirms
that their swelling behavior is in accordancewith swelling secondary ki-
netic equation. The calculated k for CFM and Cr-CFM is 3.07 and 5.477
respectively. That means Cr-CFM has higher swelling rate and thus to
reach equilibrium state quickly. This relative fast water take-up capacity
benefits the quick responsiveness to water, such as water vapor perme-
ability. In addition, the porous structure is proved to facilitate water
penetration and diffusion. This is evidence as shown in Fig. 3e where
the porosity of CFM and Cr-CFM was calculated based on the SEM re-
sults. It shows that Cr-CFM has a higher porosity than CFM. Hence, ex-
ternal water molecules can penetrate the matrix quickly through
three-dimensional (3D) microvoid and get accumulated to reach an
equilibrium. This process can generate osmotic pressure and swelling
forcewhich is reported to conducive to shape recovery of water respon-
sive materials [40]. Accordingly, the structural model of Cr-CFM regard-
ing to its waterproofness and breathability is shown in Fig. 3f.

3.3. Mechanical properties

Stress-strain curves of CFM and Cr-CFM are shown in Fig. 4a. It is no-
table that CFM behaves stiffly with high Yong's modulus, which may
due to its tight and dense fiber structure in dry state, as well as interac-
tions between fibers including hydrogen bonding, cross-linking,
electrovalent bonding, van der Waals force, shear force, etc. [41]. In
comparison, Cr-CFM exhibit integrated strength and ductility. The me-
chanical behaviors of Cr-CFM may be the result of its fibrous structure
and newly introduced cross-linking netpoints. Elastic modulus as a
function of stain applied to CFM and Cr-CFM are plotted in Fig. 4b. For
CFM, three regionswith distinct characteristicmoduli are identified (re-
ferred as Mod 1, Mod 2 and Mod 3), consistent with previous findings
[42,43]. The first 5% of deformation led to highest modulus value
(Mod 1), after which modulus reduced significantly to lowest value at
13% extension (Mod 2). As strain continuous increase, young's modulus
gradually raised to another peak at strain of 38% (Mod 3) beforefinal de-
crease stage. It is recognized that tensile behavior of materials with fi-
brous structure involves several stages (illustrated in insert figure):
straightening of wavy fibers, stretching and slippage of crosslinked fi-
bers, and defibrillation and breaking of fibrils [42,44]. Fig. S1 shows

Image of Fig. 2


Fig. 3. (a) Water contact angle on surface of CFM and Cr-CFM with time; (b) water vapor permeability of CFM, Cr-CFM and commercial PU film; (c) water swelling ratio and
(d) experimental data and fitting curves of second-order kinetics for CFM and Cr-CFM; (e) porosity results of CFM and Cr-CFM; (f) scheme of waterproofness and breathability of Cr-CFM.
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the broken fibrous structure of Cr-CFM at different scale. TheMod 1 cor-
responds to the alignment of fibril along the pulling direction. This pro-
cess involves broken of hydrogen bonds, electrovalent bonding, and
shear force between fibrils, which leads to the toe region of strain–
stress curve. After that, the fibril would enter an elastic region where
the collagen molecules display a higher strain level in the gap than in
the overlap region because of the lower molecular density. Around
13% of deformation, the sliding between the molecules becomes favor-
able. Followed is the molecular distortion and final cleavage of cross
linkages [45] and collagen molecules backbones (Mod 3). Compared
with CFM, Cr-CFM exhibits a smaller young's modulus and a steadier
Mod 3. The reduced young's modulus may due to that Cr-CFM has a
looser fibrous network and higher porosity. The enhancement in poros-
itymay be caused by chromiumcomplexingwhich lead to rearranges of
collagen fiber, making the structure slack and uniform. It is also noticed
that Cr-CFM has a higher elongation than CFM. This may because that
the chromium linkages canwork as core of fibril to sustainmost of load.

The effect of hydration process on mechanical properties of Cr-CFM
was investigated (Fig. 4c). It is notable that Cr-CFM exhibit water-
adaptive mechanical property. After hydration, the strain-stress curve
of Cr-CFM behaves more elastically, which is rather obvious by wetting
for 90min. The variations of characteristic features of mechanical prop-
erty (young's modulus, stress and elongation at break) against wetting
time are shown in Fig. 4d. With increasing wetting time, young's mod-
ulus and stress at break of Cr-CFM gradually decreased. This may be-
cause water molecules can break the hydrogen bonds, thereby
reducing the interactions and shear forces between collagen fibers. Nev-
ertheless, free water can work as lubricant while bonded water may act
as bridge bonds between collagen when chains slide during stretching
[35], resulting in slight increase of elongation at break. Hence, it can
be concluded that Cr-CFM possesses tunable mechanical behaviors
with water adaptability.

3.4. Shape memory ability

To demonstrate the shape memory behavior, straight Cr-CFM was
immersed in water, then wrapped into a spiral shape on a glass rod
(Fig. 5a) for shape deformation. After drying, the deformed Cr-CFM
was taken off from the glass rod. It can be seen that the spiral shape of
Cr-CFM was almost completely fixed, indicating its high shape fixing
ability. Subsequently, the spiral trip was immersed in water and gradu-
ally returned to its original straight shape. The quantitative studied of
shape memory ability of CFM and Cr-CFM was conducted through a
stretch-recovery programming (Fig. 5b). In comparison to CFM
(Fig. S2) of which the residual strain (22.5%) after first stretch is too
high to perform subsequent cycle test, Cr-CFM (Fig. 5c) exhibits the
curves with high degree of consistency after the first cycle, which con-
sistent to typical stress-strain curves of stimuli-driven shape memory
polymers [20]. Since Cr-CFM has a heterogeneous fibrous structure,
the stress difference between first and subsequent loading process
may result from orientation of random chains and strain-induced rear-
rangement of cross linkages that can work as netpoints in matrix and

Image of Fig. 3


Fig. 4. (a) Strain-stress curves of CFM and Cr-CFM; (b) elastic modulus as a function of strain applied on CFM and Cr-CFM; (c) strain-stress curves of Cr-CFM under different wetting time;
(d) young's modulus, stress and elongation at break of Cr-CFM with increasing wetting time.
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lead to a more uniform network. During the three cycles, shape fixation
ratio (Rf) of Cr-CFM increased from 69.2% to75.0%, while shape recovery
ratio (Rr) increased from 64.7% to 99.3% (Table S1). Such shapememory
ability in stretching dimension of Cr-CFM is not realized for CFM as its Rr

has already fallen to 24.4% at second stretching cycle (Table S1). Corre-
sponding variations of strain and stress of Cr-CFMunder the five steps of
shape memory programming are plotted in Fig. 5d. After immersing in
water (step ①), Cr-CFM was stretched from a strain of 0% to 25% (step
②), meanwhile the stress increased from 0 MPa to 1.7 MPa. During
later drying process (step ③), the stress gradually decreased to
~0 MPa with unchanged strain, implying fixation of setting elongation.
Upon wetting again (step ④), the deformed Cr-CFM can recovery to a
certain length without external force (Step ⑤) before next testing
cycle. This process was repeated three times and showed a relatively
stable circulation, which suggests the reusability of Cr-CFM as shape
memory materials. The hysteresis test of Cr-CFM under moisture state
further proves that Cr-CFM exhibit good stretchability and recovery in
moisture environment in-situ (Fig. S3). Another programming
(Fig. 5e) was also applied on Cr-CFM to demonstrate its editability re-
garding to shape memory ability. Results of Rf and Rr are summered in
Fig. 5f. In the case of bending deformation, Cr-CFM also showed high
Rf and Rr during the testing cycles. Particularly, Rf reached nearly 100%
at third cycles while Rr maintained at 80%. Overall, Cr-CFM possesses
water-responsive shapememory ability which has never been reported
in other studies.

3.5. Shape memory mechanism

Herein, the mechanism of shape memory behavior of Cr-CFM was
tried to be revealed by several characterization methods. FTIR was
used to investigate effect of water molecules as stimulations on Cr-
CFM from the viewpoint of shape memory programming. As shown in
Fig. 6a, a broad absorption band at around 3290 cm−1 are evidently dif-
ferent for Cr-CFM in dry (original, deformation, and recovery) and wet
(deformation, recovery). The peak become broader at wet condition
due to existence of polar group of –OH from free water molecule. Re-
garding to wavenumber shifting, the peak shifted from 3288 cm−1 to
3300 cm−1 from wet to dry states and vice versa [40]. Similarly, com-
pared to Cr-CFM in dry (original, deformation, and recovery), character-
istic peaks of C_O stretching (Amide band I) andN\\Hbending (Amide
band II) vibrations of Cr-CFM in wet (deformation, recovery) are found
to be shifted to higher wavenumbers (Fig. 6b). During the wet and dry
transitions, the peaks reversibly shift back and forth, indicating the
cleavage and re-formation of hydrogen bonds within Cr-CFM under in-
terference of water molecules [46]. Such behavior indicates the typical
bonds with “switch” function. Specifically, cleavage of hydrogen bonds
represents the “switch-on” state to allow deformation, while re-
formation of hydrogen bonds denotes the “switch-off” state to lock tem-
porary shape.

Change in elastic modulus (E′) subjected to a heating process for Cr-
CFM under dry and wet condition was demonstrated from 22 °C to 120
°C using DMA. As shown in Fig. 6c, at room temperature, Cr-CFM in wet
state has much lower E′ than dry state since the presence of water mol-
ecules destroys hydrogen bonds within collagen, causing the relaxation
of matrix and increased flexibility of molecules. As temperature in-
creases, E′ of dry Cr-CFM shows a slightly risewhile E′ ofwet Cr-CFM re-
mains stable until the temperature reached 80 °C at which E′ starts to
increase significantly and reach approximately the same value of dry
Cr-CFM at 120 °C. it is suggested that as water molecules are gradually
removed by heating, collagen interior hydrogen bonds can be re-
formed again, leading to recovery of stiffness of matrix. Thus, the results
confirm that water can stimuli the variation of hydrogen bonds within
collagen, resulting in changes of mechanical modulus, which contrib-
utes to shape deformation and fixation for shape memory behavior.

The effect of length of the stimulating time on structure of Cr-CFM
are evaluated by TGA. From the DTGA results (Fig. 6d) derived from
TGA curves (Fig. S4), it can be seen that the first peak become broader
and shifted to higher temperature region with increasing wetting
time. Additionally, the main decomposition peak of collagen matrix
shifted to higher temperature region with slower decomposition rate.

Image of Fig. 4


Fig. 5. (a) Water-responsive shape memory behavior of Cr-CFM; (b) stretching shape memory programming; (c) experimental results of cyclic tensile of Cr-CFM; (d) two-dimensional
demonstration against wetting and drying cycle by the function of strain, stress with time; (e) stretching shape memory programming; (f) shape fixation ratio Rf and shape recovery
ratio Rf under bending cycle.
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These trends may come from several factors. On the one hand, longer
wetting time leads to higher content of water. Meanwhile, chromium
itself might provide some hydrogen bonding sites for water [47] and
thus to prevent escaping of water from the matrix. On the other hand,
under heating of high temperature, there may exist thermal-
crosslinking effect between existing chromiumand its adjacent collagen
[48], which promotes the formation of more stable cross-linking net-
work of Cr-CFM. In summary, the recovery of value of E′ from wet to
dry state and increased thermal stability of Cr-CFM indicate that water
cannot destruct the structure Cr-CFM on molecular level. In other
words, it is reasonable to regard chromium-collagen complexing
bonds as stable “netpoint” since it will not be impacted by stimuli of
hydration.

Accordingly, the proposedmechanism of shapememory behavior of
Cr-CFM is shown in Fig. 6e. Chromium complexing bond is regarded as
“netpoint” due to their stability and strong bonding strength while hy-
drogen bonds within collagen molecule chains work as “switch”. Upon
external stimulation of water molecules (hydration process), inter-
collagen hydrogen bonds can be cleaved, namely “switch-on” state,
allowing shape deformation (U shape) of Cr-CFM from original shape
(straight shape). The subsequent drying process leads Cr-CFM into
“switch-off” state when the U shape is totally fixed. Once encountering
water again, original shape of Cr-CFM can be restored with the help of
osmotic pressure, swelling force and entropic stress from chromium-
collagen linkages. Herein, the potential application of Cr-CFM is sug-
gested. As illustrated in Fig. S5, a shapememory device of waist support
belt can be developed. This belt is supposed to adapt to body under
different condition. In addition, the in vitro cytotoxicity of Cr-CFM was
evaluated (Fig. S6). It shows that Cr-CFM has moderate cytotoxicity,
which implies its rationality in biomedical application.
4. Conclusions

Chromium (III) was successfully complexed with collagen fibrous
matrix (CFM)without destroying collagen conformation and its original
fiber morphology in the skin. The crosslinked structure on surface re-
sulted in improved waterproofness of Cr-CFM, while the existence of
three-dimensional (3D) microvoid in Cr-CFM endows its superior
breathability. Compared to pristine CFM, Cr-CFM exhibited integrated
strength and ductility due to existence of Chromium (III). Moreover, co-
existence of hydrogen bonds and chromium (III) complexing linkages
led to water-adaptive mechanical behaviors of Cr-CFM. Notably, such
organic-metal biosystem of Cr-CFM achieved a completely athermal
water-responsive shape memory ability with high shape fixation and
recovery (N80%) during repeatable memory cycles. It is found that the
temporary shape of Cr-CFM can be locked and released by reversible
cleavage-reformation of hydrogen bonds under water interference,
meanwhile shape recovery process happens as a result of entropic stress
from stable chromium-collagen linkages, together with help of osmotic
pressure and swelling force. Such design of organic-metal biosystem
may provide an option for novel shapememory devices, biomimetic ac-
tuators and smart coatings, as well as bring new sights into smart func-
tionality of protein materials.

Image of Fig. 5


Fig. 6. FTIR characterization in the region of (a) 3000–3800 cm−1 and (b) 1500–1750 cm−1 of Cr-CFM in shapememory programming steps under dry and wet state (Ori.dry: original in
dry state; Def.wet: deformation in wet state; Fix. dry: fixation in dry state; Rec.wet: recovery in wet state; Rec. dry: recovery in dry state); (c) E′ for Cr-CFM under dry and wet state as a
function of temperature; (d) DTGA curves of Cr-CFM with different wetting time; (e) proposed switchable water-responsive shape-memory mechanism of Cr-CFM.
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