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Electro-assembly of a dynamically adaptive molten 
fibril state for collagen
Miao Lei1, Xue Qu1,4*, Haoran Wan1, Dawei Jin3, Shijia Wang1, Zhiling Zhao2, Meng Yin3,  
Gregory F. Payne2, Changsheng Liu1*

Collagen is a biological building block that is hierarchically assembled into diverse morphological structures that, 
in some cases, is dynamically adaptive in response to external cues and in other cases forms static terminal struc-
tures. Technically, there is limited capabilities to guide the emergence of collagen’s hierarchical organization to 
recapitulate the richness of biological structure and function. Here, we report an electro-assembly pathway to 
create a dynamically adaptive intermediate molten fibril state for collagen. Structurally, this intermediate state is 
composed of partially aligned and reversibly associating fibrils with limited hierarchical structure. These 
molten fibrils can be reversibly reconfigured to offer dynamic properties such as stimuli-stiffening, stimuli-
contracting, self-healing, and self-shaping. Also, molten fibrils can be guided to further assemble to recapitulate 
the characteristic hierarchical structural features of native collagen (e.g., aligned fibers with D-banding). We envi-
sion that the electro-assembly of collagen fibrils will provide previously unidentified opportunities for tailored 
collagen-based biomedical materials.

INTRODUCTION
Structural proteins are important building blocks in biology. Often, 
they enlist a variety of molecular interaction mechanisms to cue 
their hierarchical assembly into the complex morphological struc-
tures that confer controlled functional properties (1, 2). A classic 
example is collagen where triple helix molecules are cued to orga-
nize over a hierarchy of length scales as illustrated in Fig.  1A. In 
some cases, these hierarchical assemblies are connected through 
reversible interaction mechanisms to allow for structural reconfigu-
rations and adaptive functional properties (3–6). Examples include 
the dynamic cross-linking of collagen fibrils by sea cucumbers that 
allows them to reversibly tune their mechanics to evade predation 
(7–9), the dynamical reversible associations between collagen fibers 
and between fibers and cells that allow them to induce cell migration 
and self-organization to facilitate wound healing and remodeling 
(10–12), and the reversible associated collagen fibers in cephalo-
pod’s skin allow heterogeneous organization under the stretching 
of muscle fibers to provide a means of camouflage (13–15). In other 
cases, irreversible interactions are used to connect collagen assem-
blies to yield terminal structures that maintain homeostasis over 
time scales that can range from days to lifetimes. Examples of such 
terminal structures include the covalently cross-linked collagen mi-
crofibrils of the transparent cornea (16, 17), the collagen fibrils of 
the stiff bone and teeth (18, 19), and the collagen fibers/fiber bun-
dles of elastic skin and tough tendons (20–22).

Collagen is also an important technical material with various 
potential applications in tissue engineering, regeneration medicine, 

and implantable medical devices (23–26). For instance, collagen- 
based membranes have been used in periodontal and implant therapy 
in clinic to promote the growth of specific types of cells. Collagen 
implants can also help heal cornea by supporting epithelia cells to 
the wound site (17, 27). Collagen textiles have been shown to stim-
ulate tenogenesis for tissue repair (28). Collagen conduits are also 
used to guide Schwann cell migration and axonal regeneration for 
nerve repair (29). Besides, collagen–nano-inorganic composite that 
formed by biomimetic mineralization has been commercialized for 
bone repair (18, 30). Collagen-based conductive composites have been 
fabricated as a flexible sensor for wearable smart devices (31, 32).

While it is easy to extract collagen triple helix molecules from 
biological tissues and to dissolve these molecular building blocks 
(33), it is generally not possible to control their bottom-up assembly 
over the various hierarchical length scales (23, 31, 34). Specifically, 
it is not yet possible to provide the spatiotemporally selective cues 
that can guide the formation of the intermolecular interactions 
responsible for the emergence of hierarchical structure. In the ab-
sence of fabrication methods that can recapitulate biology’s ability 
to tune morphological structure and functional properties, it has 
been difficult to fully exploit the potential of collagen as a techno-
logical material.

Here, we report the electro-assembly of an intermediate molten 
fibril state for collagen that has partially aligned fibril structure but 
with limited further hierarchical organization. Figure 1B illustrates 
that this molten fibril state is generated in response to cathodic elec-
trical input signals. The pH change resulting from the electrode re-
action provides the cue that induces the positively charged collagen 
molecules from solution (pH 3.5) to assemble into fibrils at loca-
tions where the pH approaches its isoelectric point (Ip = 4.5). Fur-
thermore, the applied electric field induces migration of the collagen 
molecules and also induces a partial alignment of the fibrils. Reversible 
physical interactions between the assembled fibrils results in the 
formation of a molten fibril network that is dynamically adaptive 
such that external cues can be applied to generate biomimetic dy-
namic multifunctions, such as stimuli-stiffening, stimuli-contracting, 
self-healing, and self-shaping. Moreover, this adaptive molten fibril 
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network allows reconfiguration of its hierarchical structure. Specif-
ically, it enables further processing to produce terminal collagen 
matrices with stable higher-ordered hierarchical structure (i.e., aligned 
fibers with characteristic D-banding), to mimic the structures and 
mechanical properties of native collagen-based materials (e.g., ten-
don). Figure 1C summarized a roadmap to recapitulate the biomi-
metic structures and functions for collagen. We anticipate that the 
electro-assembly of an intermediate molten fibril state of collagen 
will provide previously unidentified opportunities to tailor collagen-
based biomedical materials that better mimic and even recapitulate 
the structure and properties of native collagen materials.

RESULTS
Electro-assembly of collagen with molten fibril state
Acid-solubilized collagen I from porcine skin (designated as “Col”) 
can form a transparent molecular solution in acetic acid solution 
(pH 3.5; Ip 4.5) (zeta potential and circular dichroism (CD) spectrum 

in fig. S2 show right-handed triple helical collagen I). Such collagen 
solutions (0.5% w/v; pH 3.5; 0.1 M H2O2 added as sacrificial reductant 
for OH− generation) can be induced to self-assemble onto a titanium 
foil by imposing a cathodic voltage when the solution pH is elevated 
to the collagen’s Ip 4.5 (constant current 8 mA/cm2, 15 min, 25°C; 
Fig. 2A and fig. S3). Figure 2B shows that electro-assembly yields a 
transparent collagen hydrogel film (designated as “EA-Col”) of ap-
proximately 500 m in thickness (80 m after air drying). For com-
parison, collagen films of approximately the same thickness were 
prepared by a conventional solution assembly method (Fig. 2A and 
fig. S3), of which a shallow acidic solution of collagen (0.5% w/v; pH 3.5) 
was neutralized using sodium hydroxide to pH 7.2 and then casted 
and incubated at 37°C for 12 hours for film solidification (27, 35, 36). 
In contrast to electro-assembly, the solution assembly is a sponta-
neous process without external intervention. The images in Fig. 2C 
demonstrate that such cast collagen hydrogel films (designated as 
“SA-Col”) have an opaque milky white appearance and, after air 
drying, remain semitransparent. The high transparency of EA-Col 

Fig. 1. Conceptual scheme of the dynamically adaptive molten fibril state for collagen based on the electro-assembly pathway. (A) Illustration of hierarchical 
assembly of collagen over length scales via diverse interaction mechanisms, reversible interactions of hierarchical assemblies allow for structural reconfigurations and 
adaptive functions, and irreversible interactions allow yielding terminal structures that maintain homeostasis in nature. (B) Illustration of the electro-assembly of collagen 
to create a molten fibril state and the mechanisms. (C) Roadmap that recapitulate the biomimetic structures and functions for collagen, electric signals input induce the 
dynamically adaptive intermediate assembly state formation, and selective external cues induce further functionalized assembly.
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can be stabilized by chemical cross-linking (fig. S4), which may be 
beneficial for medical applications that require transparency over 
long time (e.g., corneal implants).

Microstructure analysis using scanning electron microscopy 
(SEM) and low magnification transmission electron microscopy 
(TEM) in Fig. 2D shows that the EA-Col film forms a densely orga-
nized structure (measured density ≈ 0.88 g  cm−3) with aligned 
fibrous filamentous surface. High-magnification TEM further reveals 
that the EA-Col film is organized with fibrils in ~10-nm diameter. 

In contrast, Fig. 2G shows that the SA-Col film has a loose network 
(≈0.45 g cm−3) with a random assembly of thicker fibers in ~10-m 
diameter. The higher magnification TEM further suggests that the thicker 
fibers of the SA-Col film is composed of 50-nm-diameter fibrils with col-
lagen’s characteristic D periodic band (D-banding space ≈ 64.5 nm), 
and more details about the structure are shown in fig. S5.

Nanostructure analysis was performed using the synchrotron 
small-angle x-ray scattering (SAXS; Fig. 2, E and H). Background- 
subtracted SAXS profiles of the EA-Col film show a shift toward 

Fig. 2. Electro-assembly and solution assembly of collagen I. (A) Picture of collagen I solution and scheme illustrates (B) the electro-assembly of EA-Col film with su-
perior transparency and (C) solution assembly of SA-Col film with opaque appearance. Photo credit: M.L., East China University of Science and Technology. Scanning 
electron microscopy/transmission electron microscopy (SEM/TEM) micrographs, synchrotron two-dimensional small-angle x-ray scattering (2D SAXS) scattering patterns, 
and 1D SAXS profiles of (D to F) EA-Col and (G to I) SA-Col. A shift toward higher q upon EA-Col in (F) indicates its tighter packing structure, and the EA-Col has no D-banding 
characteristics compared to SA-Col. The calculated D-banding space of 62.7 nm in (I) is close to the measured value of 64.5 nm in (G). a.u., arbitrary units. (J) EA-Col 
visualized by methylene blue rapidly dissolved in 0.1 M HAc or 0.1 M urea (a hydrogen bond interrupter), respectively, indicating the internal reversible interactions in 
EA-Col. (K) SA-Col is quite stable in above solutions and only swells a little bit when exposed in HAc solutions, indicating the existence of irreversible interactions in SA-Col. 
Photo credit: M.L., East China University of Science and Technology.
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higher q (Q values range from 0.05 to 0.4 nm−1, shown in Fig. 2F), 
which indicates tightening of the fibril phase packing. The two-
dimensional (2D) SAXS pattern and respective 1D profiles (Q values 
range from 0.2 to 1.2 nm−1, shown in Fig. 2I) show no evidence for 
D-banding formation in the EA-Col network, while the SA-Col network 
shows the characteristic scattering rings and 62.7-nm D-banding 
scattering peaks (as calculated by the Bragg equation).

It is worth noting that EA-Col and SA-Col are both intact in 
neutral but have completely different stability in acidic or urea 
media, as shown in Fig. 2 (J and K). EA-Col film dissolves quickly 
(<10 min) into the original electrolyte media, i.e., 0.1 M acetic acid 
aqueous at pH 3.5 or 0.1 M urea solution (a hydrogen bond inter-
rupter), which indicates that the intermolecular associations of 
EA-Col film is mainly dependent on some weak interactions, for 
instance, H bond. In contrast, SA-Col that is produced by a pro-
longed thermal incubation is relatively stable in above solutions, 
only swells a little bit when exposing HAc. It may be because series 
of endothermic reactions are initiated during SA-Col formation, 
and thus, irreversible chemical bond, for instance, ketoimine 
bridges (23, 36), is established between the collagen molecules to 
give a stable internal network. More details on thermal stability are 
shown in fig. S6.

In summary, Fig. 2 demonstrates that the EA-Col network has a 
distinct partially aligned fibril structure but lacks the characteristic 
features of collagen’s higher-order hierarchical structure as SA-Col 
(i.e., fiber and D-banding are absent). Presumably, the aligned fibril 
structure of this EA-Col emerges in response to the imposed electric 
field, while gel formation is induced by the localized high pH at the 
electrode surface. Moreover, unlike the static SA-Col network, the 
internal associations of EA-Col film are highly dynamic. Therefore, 
we use “molten fibril” to describe the dynamic and limited hierar-
chical collagen assembly in EA-Col, which is connected through 
reversible intermolecular interactions. While we use “static fiber” to 
describe the chemical bond bridged and higher-ordered collagen 
assembly in the SA-Col. The molten fibril state is an intermediate 
state that can be cued to “mature” into a higher-ordered terminal 
state with fiber formation and D-banding (as shown in fig. S7), it 
is presumably because the molten fibril state is energetically less 
favorable and can rearrange to assume D-banding under conducive 
conditions (37).

Dynamic adaptability of molten fibril to mechanical forces
Since the molten fibrils in E-Col are associated dynamically, we 
next evaluate their response to the mechanical forces. The images 
depicted in Fig. 3A show that the molten fibril–composed network 
is transparent and soft and undergoes substantial plastic deformation to 
adapt external mechanical forces upon stretching. It means that the 
reversibly connected fibrils can reconfigure their spatial network under 
the external forces. In contrast, the static collagen fiber–composed 
network shows an elastic response to mechanical force and restores 
its original structure. Representative stress-strain curves in Fig. 3B 
show that the molten fibril network is weak (i.e., low modulus), un-
dergoes large deformation, and fractures gradually. In contrast, the 
static fiber network has a higher modulus, deforms to a small ex-
tent, and undergoes a brittle fracture. More details of the mechani-
cal analysis are provided in the fig. S8.

To further investigate the dynamic adaptive process of molten 
fibrils to mechanical forces, we performed multicycle dynamic ten-
sile loading measurements (0.2 N min−1 for 10 cycles). The molten 

fibril network was loaded between 0 and 0.04 MPa, and the results 
in Fig. 3C show comparatively large plastic deformation with 
notable hysteresis between loading and unloading cycles. In contrast, 
the static fiber network was loaded more than a larger range of 
stresses (0 and 0.16 MPa) yet shows comparatively small deforma-
tion (13.2% at 0.16 MPa) with tiny hysteresis between loading and 
unloading (Fig. 3D).

A somewhat unusual observation in Fig.  3C is the increase in 
Young’s modulus (the slope of curve) that occurs with each consec-
utive loading cycle (summarized in Fig. 3E). This observed strain 
hardening is consistent with a stretching-induced reorganization of 
the molten fibril to a more orderly arrangement with strengthened 
fibril-fibril associations to resist deformation (the corresponding 
microstructural evidence is shown in Fig. 7). Consistent with this 
interpretation is the observation that this mechanical strengthening 
is accompanied by a decrease in the hysteresis between the loading 
and unloading cycles for each successive cycle. This change in hys-
teresis can be quantified by a deformation ratio (DR)

	​​ DR  = ​ (​​ ​ 
​​ y​​ − ​​ z​​ ─ ​​ x​​ − ​​ z​​ ​​)​​ × 100%​​	 (1)

where x, y, and z are the strain after loading, the strain after un-
loading, and the strain before loading for each cycle. The plot in 
Fig. 3F shows that the molten fibril network has a large DR in the 
initial loading-unloading cycle, and this ratio progressively decreas-
es approaching that of the static fiber network after the 10th cycle.

The last test to evaluate the differences in mechanical response is 
time-dependent stress relaxation measurement. To avoid the influ-
ence of the different strain ability of molten fibril network and stat-
ic fiber network on this trial, we performed stress relaxation studies 
in two ways: either we produce a strain in the film by loading the 
same initial stress (0.1 MPa; 25°C; Fig. 3G) or we apply a stress to 
produce the same initial strain (20%; 25°C; fig. S8C, stress normal-
ized to initial value). In both experiments, the molten fibril network 
undergoes greater stress relaxation, which implies that the revers-
ibly connected fibrils could dissipate the external stress through the 
relative slip of molten fibrils. In contrast, the majority of the initial-
ly applied stress is stored in the static fiber network.

In summary, the results in Fig. 3 reveal a completely different 
mechanical response between the molten fibril and the static fiber 
networks. The dynamical associations in collagen fibrils allow them 
self-reorganize to adapt the mechanical cues much more flexibly 
when comparing to the covalently bonded static fibers.

Dynamic adaptability of molten fibril to Hofmeister ions
The mechanical variability of collagen tissue structure is particularly 
important for realizing important physiological functions. In nature, 
echinoderms like sea cucumbers can rapidly stiff their connective 
tissue to evade predation, which relies on the reversible regulation 
of the interactions among adjacent collagen fibrils (7, 8). Inspired 
by this, we use Hofmeister ions that are known to influence hydro-
phobic interactions to strengthen the internal connections of the 
collagen molten fibril network (38–40).

The sensitivity of the intermediate molten fibrils to Hofmeister 
series of ions is illustrated in fig. S9 (the Supplementary Materials 
show the effects of this salt series). The kosmotropic ions like SO4

2− 
and CO3

2− can stiff the molten fibrils network by strengthening the 
hydrophobic interactions among the film, while the chaotropic ions 
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like I− and SCN− weakened the hydrophobic interactions, resulting 
in a swollen or even dissolved material.

We then compared the different mechanical response of molten 
fibril network and static fiber network to a strong kosmotropic salts 
[i.e., (NH4)2SO4]. As depicted in Fig. 4A, the molten fibril network 
shows a biomimetic stimuli-stiffening behavior once exposed to 
(NH4)2SO4 solution, which is due to the enhanced hydrophobic in-
teractions. In contrast, the static fiber network in Fig. 4B is less re-
sponsive because the hierarchically organized fibers (versus molten 
fibrils) would have made full use of hydrophobic amino acid resi-
dues, as thus have a lower sensitivity to kosmotropic salts. Another 
possible reason is that the formation of covalent bonds restricts the 
free movement of collagen fibers.

A simple illustration in Fig. 4C shows that treatment of a molten 
fibril network with (NH4)2SO4 (2 M for 24 hours) strengthens the 
network (the transparent film can withstand a 1-kg load) while re-
taining the network’s flexibility (this film can be tied into a knot). In 

contrast, treatment of the static fiber network with 2 M (NH4)2SO4 
had a small strengthening effect as the resulting film could not sup-
port a 500-g load (fig. S10).

To systematically evaluate the effect of the (NH4)2SO4 on me-
chanical properties, we soaked molten fibril films and static fiber 
films in a series of (NH4)2SO4 solutions (24 hours; room tempera-
ture) and then subjected these films to tensile testing. The stress-
strain curves in Fig. 4D show that (NH4)2SO4 treatment markedly 
strengthened the electro-assembled molten fibril films in a concen-
tration-dependent manner. The same (NH4)2SO4 treatment of the 
static fiber films showed much less marked strengthening. Figure 4E 
summarizes the effect on the Young’s modulus: While both net-
works were strengthened by treatment with 4  M (NH4)2SO4, the 
modulus for the molten fibril film increased 50-fold while that for the 
solution assembled static fiber film increased only sixfold. Figure 4F 
summarizes the effect on toughness: Treatment with 4 M (NH4)2SO4 
toughened the molten fibril film 16-fold but such treatment had 

Fig. 3. The dynamic adaptability of molten fibril network to mechanical forces. (A) Visual evidence indicates that the molten fibril network (i.e., EA-Col) undergoes a 
plastic deformation, while static fiber network (i.e., SA-Col) shows an elastic deformation. Photo credit: M.L., East China University of Science and Technology. (B) The 
representative stress-strain curves and (C and D) cyclic loading-unloading curves show that the static fiber network undergoes little hysteresis between loading and 
unloading, while considerable hysteresis is observed with molten fibril network, which indicates that the static fiber network has elastic and molten fibril network has 
viscoelastic properties. (E) The increased Young’s modulus and (F) the decreased shape deformation ratio of molten fibril network during the 10 cycles’ loading and 
unloading indicate the internal structural reorganization ability of molten fibril network to adapt mechanical force. (G) The greater stress relaxation of molten fibril net-
work further indicates that the process of mechanical adapting is accompanied with the dissipation of external stress. In contrast, the majority of the initially applied stress 
is stored in the static fiber network.
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little effect on the static fiber film. Further analysis from dynamic 
loading and unloading measurements (figs. S11 and S12) shows that 
the high toughness of the molten fibril state is mainly due to 
its ability to dissipate a large fraction of energy through plastic 
deformation.

Figure 4G shows a spider diagram that quantitatively summarizes 
the effects of (NH4)2SO4 on the mechanical properties of the molten 
fibril films. This plot shows that the molten fibril network (shown 
in the red area) is highly responsive to (NH4)2SO4 compared to the 
static fiber network (shown in the blue area). A broader comparison 
(Fig. 4H) again shows the high modulus stimulus sensitivity of the 
molten fibril state network to (NH4)2SO4 treatment is considerably 
larger than the modulus stimulus sensitivity of static fiber state net-
work and other protein networks to external stimuli used to adjust 
noncovalent interaction mechanisms (e.g., Hofmeister salt, metal 
ions, and temperature). References summarized in table S3 and the 
Supplementary Materials (41–48). In summary, Fig. 3 illustrates that 

collagen’s adaptive molten fibril state is highly responsive to Hofmeister 
series of ions cues capable of adjusting physical cross-linking through 
hydrophobic interactions that allow widely and reversibly tailor of 
molten fibril network’s mechanical properties.

Hofmeister ion–strengthened molten fibril network 
provides dynamic mechanical functions in vivo
Considering the strengthen process of molten fibril network by 
Hofmeister effect is reversible (i.e., the molten fibril network is 
strong when ions exist in network and the molten fiber network will 
return to a soft state when the ions leaching from the network), one 
biomedical application was considered to illustrate how the adjust-
able and emergent properties of the molten fibril network could be 
used to meet a design objective that changes mechanics over time. 
Figure 5A illustrates that, in some surgical interventions (e.g., tradi-
tional decompression pulmonary artery surgery), a band is im-
planted around an artery to constrict blood flow and protect a 

Fig. 4. The dynamic adaptability of molten fibril network to Hofmeister ions. (A) A nature model that sea cucumber can dynamically tune its mechanical properties 
between soft and stiff. The molten fibril network shows that a biomimetic stimuli-stiffening function triggered by a Hofmeister ion [e.g., 2 M (NH4)2SO4] enhanced fibril-
fibril hydrophobic interactions. In contrast, (B) the static fiber network has no response to the same treatment, presumably due to the lack of available hydrophobic 
groups or the limited network reorganization. Photo credit: M.L., East China University of Science and Technology. (C) The pictures show the strong and tough mechanics 
of molten fibril network stimulated by (NH4)2SO4. Photo credit: M.L., East China University of Science and Technology. (D) Stress-strain curves and (E and F) quantitative 
Young’s modulus and toughness of molten fibril network and static fiber network treated by various concentrations of (NH4)2SO4, indicating a much more substantial 
strengthening to the molten fibril network vs static fiber network. (G) A spider diagram quantitatively summarizes the effects of (NH4)2SO4 on the mechanical properties 
of the collagen network, indicating that the molten fibril network (red area) has a much more mechanical flexibility compared to the static fiber network (blue area). 
(H) The modulus stimulus sensitivity (i.e., the ratio of the stimulated modulus to the initial modulus) comparison among molten fibril network, static fiber network, and 
other protein networks to external stimuli reported in references (e.g., Hofmeister salt, metal ions, and temperature). Picture of sea cucumber reproduced with permission 
(7). Copyright 2008 American Association for the Advancement of Science.
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vulnerable downstream site from hypertension. Immediately after 
surgery, this band should be strong to ensure significant constric-
tion, but, over time (e.g., as the heart strengthens), the band should 
relax to allow greater blood flow (the timing varies depending on 
clinical details) (49–51). Thus, an ideal material for this band would 
have mechanical properties that dynamically relax under in vivo 
conditions. We envision that a molten fibril network that has been 
strengthened by a Hofmeister salt could be used for such applica-
tions as the initial high strength would be expected to relax as this 
salt leaches from the network.

For this biomedical demonstration, we used the biocompatible 
Na2CO3 salt (2 M) to strengthen a molten fibril film to serve as a 
banding material (the softening of strengthen film in vitro is de-
scribed in fig. S13). Using New Zealand rabbits as our animal model, 
we applied a Na2CO3-strengthened molten fibril film as a band to 
decrease the diameter of pulmonary artery as illustrated in Fig. 5B. The 
cardiac color Doppler ultrasound images in Fig. 5C show that sur-
gical banding reduced the diameter of the pulmonary artery by 68% 
from  = 0.63 cm (preoperative) to 0 = 0.43 cm (postoperative), 
confirming that an implanted band prepared from a Na2CO3-
strengthened molten fibril film constricts the diameter of the 
pulmonary artery and restricts blood flow. The diameter of the 
pulmonary artery increased to 75% of normal diameter after 
the first day (1 = 0.48 cm) and returned to its preoperative diameter 
after 3 days. This in vivo result is consistent with in vitro measure-
ments (discussed in the Supplementary Materials) that show that 

leaching of the Hofmeister salt from the molten fibril networks 
results in dynamically adjusting mechanically properties. Over a 
longer time, this strengthened molten fibril band is expected to be 
resorbed as illustrated by preliminary biodegradation studies with 
the enzyme collagenase (fig. S14).

Dynamic adaptability of molten fibril network 
to anionic clusters
Except for adjusting hydrophobic interactions in the molten fibril 
film, we also investigate the possibility to reconfigure the structure 
and properties of molten fibril network by regulating the electro-
static interactions. Introducing electrostatic interactions through 
metal anionic clusters is a common strategy (52–54). Here, gold 
ionic cluster (n × [AuCl4]n−) is chosen as a model because of gold’s 
excellent biocompatibility and its ability to confer advanced properties 
(e.g., high conductivity and photothermal transformation) (55, 56).

In our studies, we soaked the molten fibril and static fiber films 
in the solutions of chloroauric acid (HAuCl4; 0.1 M; pH 2; room 
temperature). Figure 6 (A and B) shows that both films became 
yellow in color upon gold treatment, while the molten fibril net-
work underwent considerable stimuli-contracting. Contraction of 
the molten fibril network is rapid and occurs over the course of 
10 min, while no shrinkage was apparent for the static fiber network 
(Fig. 6C). Spectra from x-ray photoelectron spectroscopy (XPS) and 
x-ray diffraction (XRD) (Fig. 6, D and E) indicate that gold ionic 
clusters are present in both networks. Presumably, the marked 

Fig. 5. The strengthened molten fibril network provides dynamic mechanical functions in Vivo. (A) The illustration of a strengthened molten fibril band providing 
an initial high strength with dynamic relaxation over time in vivo for a decompression pulmonary artery surgery. (B) Photograph of the surgery process using 2 M Na2CO3 
strengthened molten fibril band. Photo credit: M.L., East China University of Science and Technology. (C) Color Doppler ultrasound observation of the diameter of pulmonary 
artery over time, indicating that strengthened molten fibril band can provide a short-period mechanical restraints and then soften after 3 days to recover the normal 
pulmonary artery diameter and blood supply.
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gold-induced shrinkage of the molten fibril network (but not static 
fiber network) occurs because the molten fibril’s physical interac-
tion allows for a greater dynamic reconfiguration of the network.

Gold treatment significantly alters the properties of both the 
molten fibril and static fiber networks. Mechanical testing shows 
that both networks are strengthened by gold treatment (Fig.  6F); 
however, the static fiber network remains brittle with low fracture 
strain, while the molten fibril network shows increased toughness 
and fracture strain. The gold-treated molten fibril network shows 
self-healing properties (Fig. 6G) consistent with a reversible electro-
static cross-linking mechanism. The static fiber network does not 
show such self-healing properties after gold treatment. Consistent 
with its covalent bond, bridged connection is limiting its ability to 
dynamically reconfigure. A continuous shear experiment provides 
more evidence for the self-healing properties of the gold-treated 
molten fibril network (see fig. S15).

Janus collagen film with molten fibril/static fiber networks 
provide programmable 3D self-shaping functions
Cephalopods create complex 3D papillae shapes (such as vertically 
flat or trilobed) by organizing the heterogeneous structure of the 
skin. The contractile erector layer bottom is used to control the 3D 
shape, and the stretchable elastic layer below is used to connect the 

soft tissue in papillae (13, 15). Inspired by this, we used molten fibril 
network and static fiber network to synthesize a asymmetric collagen 
composite material (named “Janus collagen film”) with similar hetero-
geneous structure, which was stimulated by metal ionic clusters 
(i.e., n ×  [AuCl4]n−) to achieve programmable 3D self-shaping. 
Figure 7A shows that we created bilayers composed of molten fibril 
layer as the stimuli-contracted layer and static fiber layer as a 
stretchable elastic layer. Experimentally, the prepared hydrated molten 
fibril film and static fiber film (the thickness of both is controlled at 
about 500 m) are combined and dried together at room temperature. 
The two film networks adhered together to form a collagen-based 
Janus bilayer that remained firmly adhered after rehydration.

Initial stimulus that induced self-shaping of Janus collagen film 
was demonstrated by immersing the strip- shaped Janus collagen 
bilayer sample (2.0 × 0.5 × 0.1 cm) in 0.1 M [AuCl4]− at room 
temperature, as shown in Fig. 7B. The Janus collagen film generated 
a bending movement and gradually formed to completely closed 
ring 362° (Fig. 7B and movie S1). Despite this substantial deforma-
tion, the two films remained strongly adhered presumably due 
in part to the self-healing properties of the gold-treated molten 
fibril layer.

The shape of the Janus collagen film can be tailored arbitrarily to 
achieve different 2D shapes, such as a flower shape (as shown in 

Fig. 6. Dynamic adaptability of molten fibril network to anionic clusters. (A) Visual evidence indicates the molten fibril network undergoes a considerable stimuli-
contracting by gold ionic clusters (i.e., n × AuCl4−) induced electrostatic interactions. In contrast, the static fiber network in (B) shows no shape response after the same 
treatment, presumably because the strong cross-linking limits the reorganization of fibers in the network. Photo credit: M.L., East China University of Science and Technology. 
(C) The kinetics of shape contraction of the two networks after 0.1 M AuCl4− stimulating. (D) X-ray photoelectron spectroscopy (XPS) and (E) x-ray diffraction (XRD) further 
prove the presence of AuCl4− in the networks. (F) The stress-strain curves show that both networks are strengthened by 0.1 M AuCl4− treatment for 1 hour; however, the 
static fiber network remains brittle with low fracture strain, while the molten fibril network shows increased toughness and fracture strain. (G) The AuCl4−-treated molten 
fibril network shows self-healing properties consistent with a reversible electrostatic cross-linking mechanism. The static fiber network does not show such property, 
consistent with its strong cross-linking—limiting its ability to dynamically reconfigure. Photo credit: M.L., East China University of Science and Technology.
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Fig. 7C). After immersing the Janus collagen film into 0.1 M 
[AuCl4]− at room temperature, the 2D flower sheet can gradually 
transform into various 3D shapes over time (movie S2). The use of 
gold as the stimulus also allows intermediate temporary shapes to 
be fixed by transferring the Janus collagen film into a neutral buffer 
system [phosphate-buffered saline (PBS) (pH 7.2)] that can induce 
the reduction of AuCl4

− into gold nanoparticles (AuNPs). Such 
reductions have been reported to occur spontaneously through the 
oxidation of collagen’s hydroxyproline residues (57), and this 

conversion is expected to eliminate the electrostatic cross-linking 
interactions between the n[AuCl4]n− and positively charged colla-
gen chains as illustrated in Fig. 7D. Visual evidence for this conver-
sion is the observed color change in Fig.  7E from light yellow 
(AuCl4−) to orange (AuNP), while spectrophotometric evidence for 
this reduction is the change in absorbance from 330 to 540 nm 
(AuNP formation) (Fig. 7F). TEM images at the right confirm the 
presence of well-defined AuNPs with a diameter range of 5 to 10 nm 
(marked with arrows).

Fig. 7. The programmable 3D self-shaping function of Janus collagen film. (A) Illustration of integrating the molten fibril network and static fiber network into a Janus 
collagen film to realize self-shaping under external stimuli AuCl4−. (B) Kinetic bending of Janus collagen strip by the stimuli of 0.1 M AuCl4−. (C) 3D self-shaping process of 
a planar flower-shaped Janus collagen film in 0.1 M AuCl4−. Photo credit: M.L., East China University of Science and Technology. (D) Mechanism of fixing temporary 3D 
shape by transferring the Janus collagen film into phosphate-buffered saline (PBS) (pH 7.2) that can induce the reduction of AuCl4− into gold nanoparticles (AuNPs) and 
eliminate the electrostatic cross-linking interactions. (E) Visual images of fixed intermediate 3D shapes. Photo credit: M.L., East China University of Science and Technology. 
(F) The ultraviolet–visible spectroscopy (UV-vis) spectra and TEM image further prove the reduction of AuCl4− to Au particles in the deformed Janus film after soaking in 
PBS. Norm. abs., Normalized absorbance. (G) 3D self-shaping process of a patterned covalently cross-linked Janus collagen film (white box indicates the area cross-linked 
by 0.1% glutaraldehyde) and the visual images of fixed intermediate 3D shapes. Photo credit: M.L., East China University of Science and Technology. (H) After PBS 
treatment, the generated Janus collagen–AuNP composite film supports the adhesion of L929 fibroblast for 24 hours. (I) The cells cultured on a Janus collagen–AuNP 
composite with a 3D petal structure for 21 days show a high activity, as indicated by a LIVE/DEAD cell staining.
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The complexity of the shape deformations of the Janus collagen 
film can be further modulated by introducing covalent cross-links 
that confer rigidity into some regions of the bilayer film. Experi-
mentally, we introduced covalent cross-links by partially dipping 
our Janus collagen film into a solution of the chemical cross-linking 
reagent (e.g., 0.1% glutaraldehyde) as indicated by the white boxed 
area in Fig. 7G. After immersing this patterned cross-linked Janus 
collagen film in 0.1 M [AuCl4]− solution, the uncross-linked Janus 
region deforms as expected; the covalently cross-linked region does 
not deform; and the deformed shape can be “fixed” at any time by 
transferring to film into a neutral buffer system (PBS, pH 7.2) at 
room temperature to induce the reduction of [AuCl4] to AuNPs 
(movie S3 shows this shape deformation, while fig. S16 shows addi-
tional evidence for the transformation and fixing of various 3D Janus 
collagen film shapes at room temperature).

We anticipate that, after PBS treatment, the generated Janus 
collagen–AuNP composite film has good biocompatibility, and an 
initial biocompatibility test for the Janus collagen–AuNP composite 
film was performed using L929 fibroblast cells. These cells were 
observed to adhere and spread on these composite films, as shown 
in the SEM images of Fig. 7H. And the LIVE/DEAD cell staining and 
CCK-8 results further proved the proliferation of cells on these 
composite films (fig. S16). This allows that, to culture cells on a 
Janus collagen–AuNP composite film with a specific 3D structure, 
as shown in Fig. 7I, L929 fibroblasts could be cultured on a specific 
3D petal structure for a long time (21 days) with a high survival rate.

In summary, the molten fibril network also can be induced to 
dynamically reorganize in response to metal anionic clusters (e.g., 
gold cluster), and transforming from a weakly associated state to a 
strong electrostatic complexation state, this transformation confers 
stimuli-contracting and self-healing properties. In particular, a 
previously unknown chemical-actuating strategy was proposed to 
realize programmable self-shaping from 2D to 3D of Janus collagen 
film and construction of specific 3D structure metal-protein platforms 
with good biocompatibility, which presumably could be promising 
candidates for application as bioactuators, soft robots, and other 
intelligent biomimetic devices.

Aligned stable fibril network processed from molten 
fibril network
The above results indicate that collagen electro-assembly can yield 
an intermediate molten fibril state with limited hierarchical organi-
zation but with a partially aligned collagen nanostructure that is 
connected through responsive physical interactions. This allows the 
molten fibril network to be reconfigured to adapt external cues 
(i.e., mechanical force, Hofmeister ions, and metal ionic clusters) 
and generate biomimetic dynamic multifunctions, such as stimuli-
stiffening, stimuli-contracting, self-healing, and self-shaping. Another 
potential advantage of the molten fibril state is that processing may 
allow the molten fibril network to be further aligned by straining, 
after which this aligned fibrils can be permanently fixed by covalent 
cross-linking to form aligned stable fibril structures (named “ASF 
structures”) as suggested in Fig. 8A.

Experimentally, molten fibril films (0.5-mm thickness) were 
prepared and mechanically stretched to different strains, after 
which these films were fixed using ultraviolet (UV)/riboflavin 
cross-linking (experimental details in the Supplementary Materials). 
For comparison, a control cast static fiber film was prepared and 
cross-linked by UV/riboflavin cross-linking. Structural evidence for 

the strain-induced alignment of the molten fibril network was pro-
vided by three independent methods.

First, the images from polarizing optical microscopy (Fig. 8B) 
show that no obvious optical birefringence was observed for the 
control static fiber network, indicating an isotropic structure; some 
optical birefringence was observed for the unstrained molten fibril 
network, indicating partial alignment; and more intense optical 
birefringence was observed for films that had been strained to greater 
extents, indicating a strain-induced alignment of the fibrils. Second, 
the TEM cross-sectional images (Fig. 8C) indicate that the control 
static fiber network has a loose and isotropic structure (the red 
circles indicate fibers that are aligned perpendicular to the cross 
section), while the strained molten fibril films have nanostructures 
that are denser and more aligned. Last, the 2D SAXS patterns 
(Fig. 8D) for the control static fiber network shows a ring of nearly 
uniform intensity consistent with an isotropic structure, while the 
elongated longitudinal pattern for the strained molten fibril films is 
consistent with an anisotropic aligned nanofibril structure. A quan-
titative description of the orientation degrees is the Herman’s 
orientation parameter (ƒc), which can be determined from the 
azimuthal-integrated intensity distribution curves of the x-ray scat-
tering patterns. For an isotropic material, ƒc = 0, and for an ideal 
uniaxially oriented material, ƒc = 1. Fig. 8D shows the control static 
fiber network had little alignment (ƒc = 0.02), while the molten fibril 
network showed alignment that increased from ƒc = 0.15 for the 
unstrained network to ƒc = 0.93 for the network that had been 
strained 200%. These results indicate that strain of the molten fiber 
network induced long-range alignment of the molten fibril archi-
tecture along the direction of strain. Further analysis of these SAXS 
results in Fig. 8E shows the azimuthal-integrated intensity distribu-
tion curves that gradually narrowed with the increasing strain for 
molten fibril network.

Strain-induced alignment of the molten fibril structure is ex-
pected to confer anisotropic mechanical properties to the films. To 
test this expectation, we prepared molten fibril films with varying 
strain degree, fixed these films by UV/riboflavin cross-linking, and 
then measured the mechanical properties of the wet films. Figure 
S17 shows that UV-induced cross-linking of the unstrained molten 
fibril network (0% ASF) markedly changed its mechanical proper-
ties, making it stronger, more elastic, and brittle compared to the 
uncross-linked molten fibril film. When the molten fibril films were 
cross-linked after strain-induced alignment, the generated ASF 
films show a marked enhancement in the mechanical properties 
when they were tested parallel to the direction of alignment (i.e., a 
10-fold increase in modulus). In Fig. 8F, when these ASF films were 
tested perpendicular to the direction of fibril alignment, the modu-
lus was substantially reduced. Figure 8G summarizes the anisotropic 
mechanical properties of these wet molten fibril films after their 
strain-induced alignment and subsequent cross-linking.

Biomimetic preparation of a terminal tissue “tendon” 
with aligned hierarchical fiber structure
While mechanical stretching of the electro-assembled molten fibril 
collagen network could generate a highly aligned and densified 
fibril structure, this network still lacks the higher-order hierarchical 
features (i.e., fibers and D-banding) characteristic of native collagen 
tissue. To generate these higher-order structural features for 
mimicking a tendon tissue, Fig. 9A shows that we immersed a 200% 
strain-aligned fibril film in 0.1  M PBS buffer (pH 7.4; 24 hours; 
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room temperature) under a constant external traction to allow a 
further collagen assembly. The constant external traction is expected 
to maintain fibril orientation, while incubation in PBS has previ-
ously been shown to induce collagen’s D-banding and fiber forma-
tion through mechanisms that are not entirely understood (37, 58). 
After incubation, the film was covalently cross-linked by UV/
riboflavin treatment. This terminal structure was then characterized 
at different length scales (Fig. 9B) and compared to the structure of 
native collagen from rabbit tendon (Fig. 9D). The leftmost micro-
graphs in Fig. 9B show that the generated film has a milky opaque 
appearance with millimeter scale–striped patterning similar to that 
of the native tendon collagen. High- and low-magnification SEM 
images [the middle and rightmost of Fig. 9 (B and D)] further show 
that both the fabricated film and native collagen are composed of 

micrometer-sized, densified, and aligned fibers. Each micrometer-
sized fiber was organized of densified aligned of nanoscaled fibrils. 
The 2D-SAXS pattern shows stretched scattering rings for the fabri-
cated film (Fig. 9C), which are similar to those observed in the native 
collagen (Fig.  9E) and consistent with the formation of D-bands. 
Further evidence for D-banding is provided by the 1D SAXS plot in 
Fig. 9F, which shows numerous scattering peaks that are also similar 
to those of native tendon collagen. Overall, this structural analysis 
demonstrates that the partially aligned intermediate molten fibril 
could be hierarchically organized into densely aligned D-banded 
fibers with a terminal structure that recapitulates the native micro-
structure of tendon collagen.

The hierarchically organized structure of native collagen confers 
mechanical strength to tendon, a functional feature that has been 

Fig. 8. Aligned stable fibril network processed from molten fibril network. (A) Illustration of the process to fabricate ASF network: The molten fibril network is aligned 
by mechanical stretching, followed by cross-linking using UV/riboflavin. (B) Polarizing optical microscopy images of cross-linked static fiber network and ASF networks 
with various strain. The static fiber network has no optical birefringence, indicating an isotropic structure; the ASF network shows a gradually increased optical birefringence 
in a strain-dependent manner, indicating a strain-induced alignment of the fibrils. (C) TEM images (D) 2D SAXS patterns (ƒc is the Herman’s orientation parameter) and 
(E) the azimuthal-integrated intensity distribution curves further indicate the anisotropic aligned nanofibril structure in ASF network. (F) Stress-strain curves of ASF networks 
in wet state, indicating anisotropic mechanical properties. Tests were performed both parallel and perpendicular to the strain direction. (G) Young’s modulus in parallel 
and perpendicular directions of ASF networks.
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difficult to recapitulate with fabricated collagen matrices. In a final 
study, we performed stress-strain measurements to compare the 
mechanical properties of rabbit tendon with those from the bio-
mimetic tendon film and the static fiber film fabricated by a solu-
tion assembly method. Because of the differences in water content 
(i.e., our artificial films have higher water content than the extracted 
rabbit tendon), we performed all measurements after drying. The 
stress-strain curves (Fig. 9G) and summarized data (Fig. 9H) show 
that the biomimetic tendon film can approximate the mechanical 
properties of native tendon. In summary, these results indicate that 
the electro-assembled molten fibril network can be processed to 
form a terminal biomimetic tissue that recapitulates important 
structural and functional features of native collagen.

DISCUSSION
In summary, we report an electrofabrication method to create an 
intermediate molten fibril state for collagen. This intermediate state 

is composed of partially aligned fibrils with limited higher-order 
structure that is assembled through reversible interactions. We 
show that this molten fibril state is adaptive: Its structure and as-
sembly interactions can be adjusted by externally applied physical 
or chemical cues, and its properties can be dynamically responsive 
(e.g., self-stiffening, self-contracting, self-healing, and self-shaping). 
Furthermore, this molten fibril network can be guided to form a 
higher-ordered terminal structure (i.e., aligned fibers with characteristic 
D-banding) that recapitulates the structural and functional properties 
of native collagen-based tissues (e.g., tendons). Overall, this work 
illustrates the unprecedented capabilities of electrofabrication to pro-
vide a controllable set of cues (pH and electric field) that can modulate 
the macromolecular interactions and alignment responsible for the 
emergence of dynamic and/or biomimetic structures and functions.

On the basis of these results, we envision future work in three 
broad areas. First, we envision that this work will motivate further 
fundamental study of the underlying intermolecular mechanisms 
that are responsible for the emergence of soft matter structure and 

Fig. 9. Biomimetic preparation of a terminal tissue tendon with highly aligned hierarchical fiber structure. (A) Illustration of the process to fabricate biomimetic 
tendon film: First, the aligned molten fibril network with 200% strain is treated by 0.1 M PBS to allow a highly ordered assembly under a constant external traction, and 
then UV/riboflavin is used to covalently cross-link this structure to obtain a biomimetic tendon film (with fiber and D-banding characteristics). Microscopic, SEM views and 
2D SAXS patterns of (B and C) the biomimetic tendon film and (D and E) natural rabbit tendon suggest a highly similar hierarchical structure. (F) 1D SAXS plots prove the 
aligned structure and D-banding presented in the biomimetic tendon film. (G) Stress-strain curves and (H) the quantitative ultimate stress and Young’s modulus of dried 
samples indicate that the biomimetic tendon film has similar mechanical properties to the natural tendon tissue (***P < 0.001).
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that enable dynamic functional properties. Second, we envision 
that this work furthers the development of electrofabrication as a 
bottom-up additive manufacturing method (either alone or in 
combination with other top-down methods such as 3D printing) to 
enable the hierarchical assembly of soft matter while controlling 
structure at multiple length scales (nano, micro, and macro). Third, 
this work advances our technological capabilities for creating collagen-
based materials that better mimic native collagen and thus we envision 
the use of electrofabricated collagen-based materials for important 
applications in regenerative medicine (e.g., cornea and tendon replace-
ment and bone repair).

MATERIALS AND METHODS
Sample preparation and morphology observation
Acid-extracted collagen I from porcine skin was purchased from 
Haohai Biological Technology Co. Ltd. (China). Collagen was puri-
fied to remove insoluble impurities and dialyzed (Mw cutoff = 7 kDa) 
to remove soluble salt before use. In all experiments, ultrapure 
water prepared in a two-stage Milipore Milli-Q Plus purification 
system was used for solution preparation. The three-electrode 
system (CHI 660E) used for electro-assembly used Ti plate (2 cm by 
3 cm) as a working electrode, Ag/AgCl as a reference electrode, and 
Pt wire as a counter electrode. Collagen solution (0.5%, w/v; pH 3.5) 
was prepared by dissolving I type collagen in HAc and then im-
mersed the electrodes into collagen solution described above that 
was supplemented with 0.1 M H2O2 (H2O2 is used during collagen 
electro-assembly to allow a pH gradient to be generated at lower 
reducing voltages without H2 gas generation). The following 
half-reactions resulted in the generation of a pH gradient between 
the electrodes: anode: 2H2O − 4e− ⟶ 4H+ + O2; cathode: 4H2O + 4e− 
⟶ 4OH− + 2H2. The electrodes were applied with a constant 
current density (8 mA/cm2) for predetermined time of 15 min. The 
resultant collagen-coated electrode was rinsed extensively with water 
and ethanol and then peeled the collagen film off from the electrode. 
For comparison, solution assembly methods reported extensively in 
the literature were used to fabricate the control samples (27, 35, 36); 
briefly, collagen solution (0.5%, w/v; pH 3.5) was initially adjusted 
to a neutral pH 7.2 by 0.5 M NaOH, then casted (collagen content 
per unit area is the same as the electro-assembled collagen film), 
and incubated at 37°C for 12 hours for complete gelation.

The surface morphological analysis was performed on SEM 
(S-4800, Hitachi). The internal ultrastructure observation was per-
formed on TEM (JEM-2100, JEOL). The collagen films were initially 
dehydrated using a graded series of ethanol and embedded in 
Eponate12 resin. Thin sections, 60 to 90 nm, were placed on naked 
copper grids and then stained with uranyl acetate and lead. Images 
were taken operated at an acceleration voltage of 80 kV. SAXS 
experiments were performed in the BL19U2 SAXS beamline of the 
Shanghai Synchrotron Radiation Facility in China. The scattering data 
were acquired with x-ray beam illumination at a sample-to-detector 
distance of 1900 mm. The samples were measured for 60 s to obtain 
scattering signals. 2D SAXS data were averaged into 1D curves of scat-
tering intensity versus q. The backgrounds were set as a polynomial 
function that passed through the scattering minima of each SAXS curve.

Dynamic adaptability of samples to mechanical forces
The mechanical force’s adaptability of collagen samples (strip-shaped 
hydrogel, 10 mm by 0.5 mm by 30 mm) were first performed using 

a Biodynamic chamber with an Electro-Force 3200 testing machine 
(TA, USA) at room temperature. Under the tensile-fracture model, 
the tensile rate was set at 10 mm min−1, the strain of samples were 
estimated as the length change related to the initial length of the 
sample, and the stress was obtained by dividing the force by the 
initial cross-sectional area of the hydrogel. Under the dynamic 
cyclic model, the loading and unloading processes of samples were 
undergone between a minimum value (0.001 N) and a maximum 
value (0.04 N for molten fibril samples and 0.16 N for static fiber 
samples). The change of Young’s modulus (MPa, the slope of the 
initial linear region of the stress-strain curve) and DR (D, the calcu-
lation formula was shown in the Supplementary Materials) were 
quantified by the cyclic curve. The stress relaxation was test under a 
same initial stress at 0.1 MPa or the same initial strain at 20% of 
then to record the stress change.

Dynamic adaptability of samples to Hofmeister ions and its 
applications in vivo
Samples were soaked in different species of Hofmeister salts to 
observe their response. In particular, samples were soaked in gradi-
ent concentration of ammonium sulfate solutions at room tempera-
ture for 12 hours to strengthen hydrophobic interactions and then 
performed the tensile test. The Young’s modulus (MPa) and tough-
ness (MJ m−3, the integral area of tensile stress-strain curve) of 
samples were calculated by the stress-strain curves (strain rate: 
10 mm min−1). For the successive loading-unloading tests, the 
strain rate was fixed at 100 mm min−1. The total toughness of sam-
ples was calculated by the integral area of loading tensile stress-strain 
curve (MJ m−3). And dissipated parts of samples were calculated by 
total toughness minus the integral area of unloading tensile stress-
strain curve (MJ m−3); more calculation detail is shown in fig. S8. 
For applications, 2 M Na2CO3-strengthened molten fibril band was 
further applied in vivo, and all in vivo procedures were approved by 
the Animal Research Committee. Two-month-old New Zealand 
white rabbits were used for this experiment, and the rabbit was 
anesthetized by ear vein injection with 40 to 45 mg kg−1 pentobarbital. 
Color Doppler ultrasound was first used to observe pulmonary 
artery and record the diameter and then test the blood flow velocity 
(VEL) and pressure gradient (PG) of each rabbit before decompres-
sion of pulmonary artery surgery. Then, the left ventricular was 
exposed after opening the chest. First, expose the pulmonary aorta 
and determine the position of the ring contraction, then the molten 
fibril hydrogel band was bypassed around the pulmonary aorta and 
tie a slipping hydrogel knot, then adjust the degree of ring contrac-
tion and tighten the gel knot, and lastly, remove the excess gel 
material. In the end of operation, the rabbit chest was closed accord-
ing to the routine clinical steps. The diameter of constricted pulmo-
nary artery, VEL, and PG value after operation was tested to confirm 
the decompression effect. In the following 1 and 3 days, the pulmo-
nary artery diameter recovery was observed by Color Doppler ultra-
sound; related detection parameters are shown in fig. S13.

Dynamic adaptability of samples to gold anionic clusters 
and programmable 3D self-shaping
Samples were soaked in chloroauric acid (HAuCl4; 0.1 M; pH 2; 
room temperature) for 10 min to investigate the stimuli-contracting 
kinetics and self-healing. XPS (ESCALAB 250Xi, Thermo Fisher 
Scientific) and XRD (D/Max2550VB, Japan) was used to detect the 
existence form of gold ion clusters in samples. Then, the viscoelastic 
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behavior and stress-strain curve of the samples were measured by a 
Thermo Haake RS600 rheometer and mechanical tensile machine, 
respectively. Janus collagen films were further prepared to realize 
the programmable 3D self-shaping. Molten fibril film and static 
fiber film were obtained as previous protocol, then the two films 
were contacted each other under applied external pressure and dried 
in the air, and they enable to be stably integrated together by hydro-
gen bonds to form a Janus collagen film. Specific Janus film shapes 
(i.e., strip shape and flower shape) were used to investigate the stim-
ulated self-shaping kinetics of the Janus films. And any intermediate 
3D shape enables to fix by transferred the shaped Janus film to PBS 
(pH 7.2) and triggers the in situ formation of AuNPs. Patterned 
process was achieved by soaking the filter paper with different pat-
tern into glutaraldehyde solution (0.1%, w/v) and then putting it on 
the Janus collagen film surfaces for 30 min, and these patterned 
films were further prepared to observe the patterned self-shaping. 
To investigate the biocompatibility of gold collagen composite, 
L929 fibroblasts were seeded onto the samples (circles with 10 mm 
in diameter) at 5 × 104 cells per well and culture for cell viability, 
proliferation tests.

Preparation of aligned stable fibril network and biomimetic 
tendon structure
Aligned structure of molten fibril networks was produced by apply-
ing different strain degrees (50, 100, and 200% with an initial defor-
mation area length of 10 mm) along the length direction, and these 
further aligned networks were soaking in ethanol to temporarily fix 
the aligned structure. Then, the aligned fibril networks were im-
mersed in 0.1% (w/v) riboflavin solution [dissolved in 90% (v/v) eth-
anol], and UV light (365 nm) induced light cross-linking for 24 hours 
to obtain the aligned stable fibril networks (i.e., ASF networks and 
aligned fibrils without D-banding). For the biomimetic tendon fabri-
cation, molten fibril networks were first aligned by applying 200% 
strain degrees (with an initial deformation area length of 10 mm) of 
stretching along the length direction, and the further aligned net-
work was soaked in a physiological ionic environment solution 
[0.1 M PB with sodium chloride (8 mg/ml) for 24 hours] under con-
tinuous loading of external forces to induce the D-banding and large 
diameter aligned fibers formation. Then, UV light cross-linking was 
performed to fix the biomimetic higher-order hierarchical struc-
ture (i.e., aligned fibers with D-banding). Polarizing microscope 
(POM), TEM, and SAXS were used to the characteristic anisotropic 
structure of ASF networks and biomimetic tendon and then mea-
sured the mechanical properties of these samples.

Statistical analysis
All data were expressed with mean SD and analyzed using one-way 
analysis of variance with post hoc tests. Significance was set at 
P < 0.05 (***P < 0.001, **P < 0.01, and *P < 0.05).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7506

View/request a protocol for this paper from Bio-protocol.
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