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Abstract

The exceptional mechanical strength and toughness of collagen arise from its well-defined
hierarchical architecture. Conventional methods for obtaining collagen aggregates (CAs),
such as direct extraction from native tissues or acid swelling followed by mechanical
processing, offer limited control over dimensional uniformity and provide little insight
into the underlying exfoliation mechanisms. To overcome these challenges, this study
introduces a novel strategy that leverages insights into the hierarchical interactions within
collagen. We employ the ionic liquid 1-allyl-3-methylimidazolium chloride ([AMIM]Cl)
as an exfoliating agent to successfully isolate fibrous CAs from native bovine tendon. By
precisely modulating temperature and processing time, we achieve CAs with tunable
mesoscale dimensions (diameter 0.9–1.1 µm, length > 160 µm). Molecular dynamics simula-
tions reveal that [AMIM]Cl disrupts the intramolecular hydrogen-bonding network within
collagen, thereby facilitating controlled exfoliation. These exfoliated aggregates serve as
fundamental building blocks for fabricating collagen films. The resulting materials exhibit
robust mechanical integrity, high transparency, reversible pH-responsive behavior, and ex-
cellent biocompatibility as verified by cytotoxicity assays, which together underscore their
potential as versatile biomaterial platforms. Furthermore, the integration of single-walled
carbon nanotubes yields conductive composites with confirmed electrical functionality.
This study thus presents an innovative pathway for the precision processing of collagen
and advances the design of high-performance collagen-based biomaterials.

Keywords: collagen; aggregates; exfoliation; ionic liquid; collagen film

1. Introduction
Collagen is the most abundant structural protein in nature, and its outstanding mechan-

ical properties, thermal stability, and biocompatibility originate from a unique hierarchical
supramolecular architecture. Type I collagen, which constitutes about 90% of the total colla-
gen in animals, is predominantly found in skin, bone, tendon, cornea, and ligaments [1,2].
This hierarchical architecture is stabilized by various non-covalent interactions, including
hydrogen bonding, van der Waals forces, hydrophobic interactions, and electrostatic forces.
These interactions enable a synergistic optimization of mechanical strength and toughness
at the mesoscopic scale, endowing biological tissues with exceptional performance and
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thermal stability [3–6]. The natural assembly of collagen produces aggregates spanning
multiple scales, such as fibrils, fibril bundles, and microfibers. Their highly ordered hierar-
chy, governed by dynamic non-covalent interactions, provides an ideal structural template
for applications in tissue engineering, biomimetic materials, and functional medical devices,
particularly in the development of advanced gel dressings for burn and diabetic wound
healing where structural integrity and biocompatibility are critical [7–14].

In comparison to structures reconstituted in vitro from isolated collagen molecules,
native CAs that retain endogenous supramolecular organization exhibit significantly supe-
rior mechanical strength and thermal stability. For instance, collagen films assembled from
individual molecules show a tensile strength of about 1.49 ± 0.19 MPa [15], whereas films
fabricated using CAs as building blocks achieve a tensile strength of 13.81 ± 0.39 MPa—an
improvement of nearly an order of magnitude [16]. Differential scanning calorimetry (DSC)
of porcine skin collagen indicates a denaturation temperature of approximately 54.9 ◦C for
molecular collagen, compared to about 74.2 ◦C for its aggregated form [17].

Conventional methods for preparing CAs primarily involve direct exfoliation from
native tissues or strategies combining acid swelling with mechanical processing [18–21].
Although these approaches partially retain the native assembly characteristics of collagen,
they often lack precise control over aggregate dimensions and architecture, and the fun-
damental exfoliation mechanisms remain poorly understood. These limitations hinder
parameter optimization for controllable fabrication, thereby constraining the potential
application of CAs in advanced functional materials. Therefore, developing innovative
and efficient strategies for the controllable production of CAs, along with systematic explo-
ration of their functionalization pathways, represents a pivotal challenge in advancing the
integration of collagen into biomedical and materials science.

Ionic liquids (ILs), a class of salts that remain liquid at relatively low temperatures,
are widely regarded as green solvents due to their unique physicochemical properties.
These properties include negligible volatility, high thermal stability, and tunable hydrogen-
bond-disrupting capability [22–24]. Such attributes have fostered their growing application
in the disintegration and reorganization of natural polymers [25–32]. For example, Ge
et al. studied the dual regulatory effect of water on lignin dissolution in ionic liquids at the
molecular level using molecular dynamics simulations [33]. Their results demonstrated that
in highly effective solvents such as [AMIM]Cl and [EMIM]Cl, anions penetrate interchain
spaces and disrupt hydrogen bonds between cellulose chains. Subsequently, imidazolium
cations intercalate, increasing interchain distances and ultimately leading to dissolution.
In contrast, only partial disruption occurs in moderate solvents ([BMIM]Cl, [BMIM]OAc,
[EMIM]OAc), while poor solvents ([BMIM]Br, [EMIM]Br) induce no significant structural
change. Compared to other ionic liquid cations such as phosphonium, ammonium, and
pyridinium derivatives, imidazolium-based ILs exhibit superior hydrogen-bond disruption
efficiency and better biocompatibility for collagen processing, making them particularly
suitable for biomedical applications [34–36]. In another study, Jun-ichi Kadokawa and
colleagues showed that the ionic liquid 1-allyl-3-methylimidazolium bromide (AMIMBr)
can dissolve chitin at concentrations up to 4.8 wt% and form ionogels at higher chitin
content [37]. Beyond their use as solvents, ionic liquids have found diverse applications in
biomedical fields, including drug delivery, tissue engineering, and as antimicrobial agents,
highlighting their versatility in biomaterial development [38].

Similarly, Hu et al. employed deep eutectic solvents (DESs)—ionic liquid analogs
that are environmentally benign and recyclable—to directly pretreat natural silk fibers,
efficiently downsizing them into silk nanowhiskers [39]. The resulting nanostructures
exhibited diameters and contour lengths comparable to those of individual nanofibrils
in native silk, and the DESs were recovered with at least 92% yield and reused over four
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cycles. In general, both the “dissolution” and “exfoliation” of natural polymers mediated
by ionic liquids fundamentally rely on the disruption of hydrogen-bonding networks.
However, these processes differ intrinsically in objective, extent, and final morphology.
Dissolution follows a “break-to-rebuild” pathway, leading to complete deconstruction
and homogeneous solutions, whereas exfoliation adopts a “refining the essence” strategy,
aiming for controlled disintegration to yield mesoscale structural units that retain native
features. From an economic perspective, while ionic liquids have higher initial costs than
conventional solvents, their recyclability and efficiency in collagen processing can lead to
overall cost savings in film production when considering full lifecycle analysis. In short,
a clear distinction between these two processes is crucial for designing efficient, targeted
IL-based processing protocols and for advancing the development of high-performance
bio-based materials.

In this work, we employed 1-allyl-3-methylimidazolium chloride ([AMIM]Cl) as an
exfoliation medium to efficiently delaminate native collagen, thereby generating and extract-
ing collagen microstructures with preserved structural integrity. By precisely regulating
processing parameters such as temperature and duration, we successfully produced gradi-
ent CAs spanning micrometer to sub-micrometer scales. In addition, molecular dynamics
simulations uncovered the dynamic interaction mechanism between the ionic liquid and
collagen. The imidazolium ring of [AMIM]Cl inserts into the collagen triple-helix interface
via hydrophobic interactions, while the chloride anion weakens the hydrogen-bonding
network through charge shielding. Together, these actions facilitate the ordered exfoliation
of the collagen hierarchy.

2. Materials and Methods
2.1. Liquid-Phase Exfoliation of Bovine Tendon Collagen by Ionic Liquids

Commercially sourced bovine Achilles tendon was subjected to a series of pretreatment
steps. First, surface-adherent fat was removed under frozen conditions, and the material
was sectioned into cubic particles with an edge length of approximately 0.5 cm. These
particles were then immersed in a 0.2 wt% sodium hydroxide (Aladdin, Shanghai, China)
solution and stirred at room temperature for about 12 h to facilitate sufficient swelling.
The swollen collagen was subsequently rinsed repeatedly with deionized water until a
neutral pH was attained. The resulting material was transferred to an ultra-centrifugal mill
(ZM200, Retsch, Haan, Germany), mixed with a suitable amount of deionized water, and
homogenized. The homogenized slurry was freeze-dried to yield pretreated bovine tendon
collagen fiber bundles. These bundles, which retained their fibrous aggregates structure,
were then mixed with the ionic liquid [AMIM]Cl (Sigma-Aldrich, Shanghai, China) at a
collagen-to-[AMIM]Cl mass ratio of 1:30. The mixture was heated and stirred at 60 ◦C for 0.5,
1, 2, and 3 h, respectively. After each treatment, the product was exhaustively washed with
deionized water until the conductivity of the supernatant, monitored using a conductivity
meter (S230, Mettler Toledo, Shanghai, China), approached that of pure deionized water.
The washed mixture was subsequently subjected to high-speed centrifugation (TGL-20B,
Anting, Shanghai, China). The resulting pellet, enriched in CAs with a refined fibrillar
architecture, was isolated as the final product. The obtained samples were designated
as S-0.5 h, S-1 h, S-2 h, and S-3 h, corresponding to the duration of [AMIM]Cl treatment
(Figure 1a).
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Figure 1. (a) Schematic and morphologies of the exfoliation process of bovine tendon collagen
using [AMIM]Cl to obtain CAs structural units; (b–e) super-depth-of-field microscope images and
corresponding transmission electron microscopy (TEM) insets of CAs obtained after [AMIM]Cl
treatment for different durations: (b) 0.5 h, (c) 1 h, (d) 2 h, and (e) 3 h.

2.2. Preparation of CAs Films

A CAs suspension (0.4 wt%) was prepared by dispersing the aggregates in a 0.02%
(v/v) acetic acid solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). A
specified volume of the suspension was cast onto a polycarbonate film (pore size 0.22 µm,
diameter 47 mm) placed in a vacuum filtration apparatus (Sigma-Aldrich, Shanghai, China).
After filtration, the film was dried at 37 ◦C, carefully peeled off from the substrate, and
yielded a CAs film with an average thickness of 0.06 mm. The resulting films were desig-
nated as F-0.5 h, F-1 h, F-2 h, and F-3 h, corresponding to the exfoliation times of the CAs
used for their preparation.

2.3. Structural Characterization of CAs

The structural characteristics of the CAs, which retained a distinct fibrous morphol-
ogy despite processing, were comprehensively analyzed using a suite of complementary
techniques. Morphological examination was first conducted using a super-depth-of-field
microscope (VHX-6000, Keyence, Osaka, Japan). A droplet of the suspension was deposited
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on a clean glass slide and air-dried. Three-dimensional morphologies at different focal
lengths were then acquired by combining optical magnification with image overlay tech-
nology, clearly revealing the persistent fibrous architecture of the CAs. The microstructure
was further investigated by transmission electron microscopy (TEM, Tecnai G220, FEI,
Hillsboro, OR, USA). A droplet of the suspension was applied to a copper grid, allowed to
dry naturally, and negatively stained with phosphotungstic acid. Images were acquired
at an accelerating voltage of 8 kV, confirming the presence of fine, fibril-like assemblies
within the CAs. The disassembly behavior of collagen fiber bundles in the presence of
[AMIM]Cl was monitored using polarized light microscopy (BX51, Olympus, Tokyo, Japan).
Pretreated collagen fiber bundles were placed on a hot stage, treated with [AMIM]Cl, and
their morphological evolution—including progressive loss of birefringence and fibrous
integrity—was recorded in the temperature range of 25–70 ◦C at a heating rate of 3 ◦C/min.
For comparison, control experiments were performed using untreated samples and those
treated with deionized water. At the molecular level, the chemical structure of the freeze-
dried CAs was analyzed by Fourier-transform infrared (FTIR) spectroscopy (N601-P, Bruker,
Billerica, MA, USA) in attenuated total reflection (ATR) mode. Spectra were collected from
800 to 2000 cm−1 at a resolution of 4 cm−1, with a gas-phase background scan, providing
insights into secondary structural changes associated with the preserved fibrous confor-
mation. Finally, the crystalline properties were examined by X-ray diffraction (XRD, D8
ADVANCE, Bruker, Billerica, MA, USA). Freeze-dried samples were ground into a fine
powder, and XRD patterns were recorded over a 2θ range of 5–50◦ at a scan speed of
10◦/min to determine the lattice structural parameters, which reflected the semi-crystalline
nature of the fibrous CAs.

2.4. Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were conducted to elucidate the interactions
between [AMIM]Cl and collagen at the molecular level and their influence on system
properties. All-atom simulations were performed using GROMACS 2021.2. The initial
structure of the collagen molecule was obtained from the RCSB Protein Data Bank (PDB
ID: 2MQS) [40]. The structure of the 1-allyl-3-methylimidazolium cation (AMIM+) was
constructed in Visual Molecular Dynamics (VMD) and parameterized with the Generalized
Amber Force Field (GAFF) using the acpype tool [41,42]. To mimic the experimental en-
vironment, the simulation system was constructed containing one collagen molecule and
1764 ion pairs of AMIM+ and Cl−. The system was energy-minimized until the maximum
force fell below 1000 kJ·mol−1·nm−1 to eliminate unfavorable atomic contacts. Simulations
were carried out using the amber99sb-ildn force field. After energy minimization, the
system was equilibrated sequentially in the NVT (constant number of particles, volume,
and temperature; 333 K, V-rescale thermostat) and NPT (constant number of particles,
pressure, and temperature; 1 bar, Parrinello–Rahman barostat) ensembles. Production MD
was then run for 150 ns with a 2 fs integration time step. Trajectory analysis and visual-
ization were performed using VMD to extract key interaction parameters and generate
representative snapshots.

2.5. Mechanical Testing of CAs Films

The mechanical properties of the CAs films (designated F-0.5 h, F-1 h, F-2 h, and
F-3 h) were evaluated using a dynamic mechanical analyzer (DMA Q800, TA Instruments,
New Castle, DE, USA). The films were cut into rectangular strips (15 mm × 8 mm) and
fully hydrated by immersion in deionized water for 1 h prior to testing. Tensile tests were
performed at room temperature with a 5 kg load cell and a crosshead speed of 0.1 mm/s.
Complementary texture analysis (TA.HD.plus, Waters, Milford, MA, USA) was further
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employed to compare the tensile behavior of the films in both dry and hydrated states.
Representative stress–strain curves, processed and selected using the instrument’s native
software, are presented to illustrate the mechanical performance.

2.6. Transparency and pH-Responsive Behavior of CAs Films

The optical transparency and pH responsiveness of the CAs films were evaluated
using the F-0.5 h sample as a representative. The film was immersed in aqueous solutions
at different pH levels (adjusted with HCl and NaOH (Aladdin, Shanghai, China)). The
transmittance of the hydrated film was measured using a haze meter (WGT-S, Labthink
Instruments Co., Ltd., Jinan, China) across a pH range of 1, 5, 7, 9, and 12. To assess
the reversibility of its optical response, the same film was subjected to cyclic alternation
between pH 1 and pH 12 solutions. The transmittance was recorded after each transfer to
quantify the stability and reproducibility of the pH-dependent switching behavior.

2.7. Cytotoxicity Assay of CAs Films

The cytotoxicity of the collagen films (F-pre, F-0.5 h, F-1 h, F-2 h, F-3 h) was evaluated
in vitro against L929 mouse fibroblast cells, using established commercial dressing controls
(Commercial Gelatin Sponge Dressing (CGS), Commercial Chitosan Dressing (CCD), and
Commercial Collagen Sponge Dressing (CCS)) as reference materials. Sample extracts
were prepared by agitating the materials in MEM culture medium containing 10% fetal
bovine serum (concentration: 5.0 mg/mL) at 37 ◦C for 24 h. L929 cells were maintained
in complete MEM medium (supplemented with 10% FBS and 1% penicillin-streptomycin)
at 37 ◦C in a 5% CO2 atmosphere. For the assay, cells were harvested, resuspended, and
seeded into 96-well plates at a density of 1 × 105 cells/mL. After 24 h of incubation to
allow cell attachment, the culture medium was replaced with 100 µL of the sample extracts,
blank control (medium alone), negative control (polyethylene extract), or positive control
(phenol solution). Following another 24 h of incubation, cell morphology was observed
microscopically. Subsequently, the MTT assay was performed: 50 µL of MTT solution
(1 mg/mL) was added to each well, and the plates were incubated for 2 h. The formazan
crystals formed were then dissolved by adding 100 µL of isopropanol, and the absorbance
was measured at 570 nm using a microplate reader (T6, Beijing Puxi General Instrument
Co., Ltd., Beijing, China). Cell viability was calculated as follows:

Cell viability (%) =
100 × OD570e

OD570b

where OD570e is the average optical density value of the 100% extract of the test sample
and OD570b is the average optical density value of the blank control.

2.8. Conductive SWNTs/CAs Paper

Electrically conductive collagen paper was prepared by incorporating single-walled
carbon nanotubes (SWNTs, (Sigma-Aldrich, Shanghai, China), carbon content > 85%, di-
ameter 1.3–2.3 nm) into the CAs suspension. The SWNTs were dispersed by sonication
in an ice bath for 30 min using a probe sonicator (Branson, Danbury, CT, USA; 450 W,
30% amplitude). The resulting homogeneous dispersion was subsequently processed into
free-standing SWNT/collagen composite paper through vacuum filtration. The electrome-
chanical response of the conductive paper was characterized by monitoring the change in
electrical resistance under mechanical deformation. Using a digital multimeter (UT33C,
UNI-T, Dongguan, China), the resistance was recorded in situ during repeated compression-
tension cycles to evaluate the correlation between strain and electrical response.
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3. Results
3.1. Structure of CAs

The morphological and structural evolution of CAs during [AMIM]Cl-mediated liquid-
phase exfoliation was systematically characterized using a multi-scale approach. Super-
depth-of-field microscopy images (Figure 1b) revealed that untreated collagen exhibited
a characteristic fibrous architecture, with aggregates appearing randomly interwoven.
With increasing exfoliation time, the CAs underwent progressive refinement, showing a
progressive decrease in average diameter from 1.07 µm to 0.90 µm, while retaining lengths
exceeding 116 µm across all samples (Table 1). This tunable dimensional reduction can be
attributed to the selective disruption of the hydrogen-bonding network within collagen
by [AMIM]Cl.

Table 1. Geometrical dimensions of CAs after [AMIM]Cl treatment for different exfoliation durations.

Samples Diameter (µm) Length (µm) Aspect Ratio

S-0.5 h 1.1 ± 0.2 >200 >160
S-1 h 1.0 ± 0.1 >200 >160
S-2 h 0.9 ± 0.1 165 ± 44 116~251
S-3 h 0.9 ± 0.1 160 ± 35 121~253

Controlled disassembly of collagen fiber bundles was achieved through targeted
disruption of the inter-microfibrillar non-covalent interactions. The observed size het-
erogeneity primarily stems from the intrinsic size gradient inherent in natural collagen
fibers [43], a phenomenon also reported in studies using acid swelling combined with
mechanical processing [44]. To further characterize the microstructure of the exfoliated
aggregates, high-resolution transmission electron microscopy (TEM) was conducted on
stained specimens (Figure 1b). All treated samples displayed distinct periodic banding
patterns aligned along the fibril axis, with a measured spacing of approximately 64 nm.
This value corresponds precisely to the characteristic D-periodicity of native collagen fib-
rils [45], which originates from the staggered arrangement of collagen triple helices. The
preservation of this periodic structure confirms that the [AMIM]Cl-mediated exfoliation
process maintains the intrinsic supramolecular architecture of collagen without signifi-
cant disruption. Together, these multi-scale characterization results demonstrate that the
[AMIM]Cl-based liquid-phase exfoliation not only enables tunable sizing of CAs but also
effectively preserves their essential structural integrity, thus providing a robust foundation
for their subsequent functional deployment.

3.2. Mechanistic Analysis of Bovine Tendon Collagen Exfoliation

The exfoliation mechanism of bovine tendon collagen by [AMIM]Cl was investigated
using polarized optical microscopy (POM) to monitor collagen fiber bundles in situ under
heating in air, water, and [AMIM]Cl (Figure 2a). The pretreated collagen fiber bundles ini-
tially exhibited well-defined birefringent regions, corresponding to their native D-periodic
(~64 nm) superhelical structure. When heated to 70 ◦C in air or water, the fibrous archi-
tecture remained largely intact, with only moderate swelling observed in the aqueous
medium due to water uptake and local reorganization of hydrogen bonds. In contrast,
collagen displayed a distinctly different thermal behavior in [AMIM]Cl. At 60 ◦C, the
birefringent regions in POM images began to diminish, and by 70 ◦C, they were nearly
absent, indicating effective disruption of the periodic superstructure. The underlying
mechanism involves three synergistic effects. First, [AMIM]Cl penetrates the fiber interior
through hydrophobic interactions and electrostatic shielding, which weakens non-covalent
cross-links between microfibrils. Second, cations and anions competitively interfere with
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the hydrogen-bonding network between collagen molecules. Third, progressive decoupling
of the D-periodic arrangement occurs as these non-covalent interactions are disrupted.
Based on this mechanistic insight, 60 ◦C was identified as the optimal processing tempera-
ture, enabling [AMIM]Cl to achieve controlled exfoliation of collagen fiber bundles while
largely preserving their native structural conformation. These findings establish a thermo-
dynamic basis for the precise regulation of collagen micro- and nano-structures and further
demonstrate the potential of ionic liquids in the deconstruction and functionalization
of biomacromolecules.

Figure 2. (a) Polarized optical micrographs of pretreated bovine tendon collagen fiber bundles
during in situ heating in air, water, and [AMIM]Cl, respectively; (b) Fourier-transform infrared (FTIR)
spectra and (c) X-ray diffraction (XRD) patterns of bovine tendon collagen before and after [AMIM]Cl
treatment. (S-Pre denotes the pretreated bovine tendon collagen sample, and the others represent
samples obtained after different treatment durations by [AMIM]Cl); (d) visual representation from
molecular dynamics simulation of a collagen macromolecule in [AMIM]Cl at 60 ◦C; yellow, collagen
polypeptide chains; cyan, [AMIM]Cl molecules; (e) variation in the number of hydrogen bonds
between the collagen macromolecule and [AMIM]Cl; (f) variation in Coulombic interaction energy
between the collagen macromolecule and [AMIM]Cl.

To further elucidate the structural evolution of bovine tendon collagen upon [AMIM]Cl
treatment, FTIR and XRD were performed (Figure 2b). The FTIR spectra display character-
istic amide bands: amide I at ~1645 cm−1 (C=O stretching), amide II at ~1558 cm−1 (N–H
bending coupled with C–N stretching), and amide III at ~1240 cm−1 (C–N stretching and
N–H bending) [46–48]. These features are indicative of the collagen-specific secondary
structure. The persistence of these bands in all treated samples confirms that the funda-
mental molecular conformation is preserved after [AMIM]Cl exfoliation. The XRD patterns
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of the mesoscale CAs are presented in Figure 2c. The sharp diffraction peak near 8◦ corre-
sponds to the interchain spacing, while the broad feature centered at ~22◦ originates from
diffuse scattering between collagen molecules [49]. A distinct peak near 30◦, attributed to
the axial height of the triple-helical unit [50], is evident in the untreated sample. Notably,
this peak disappears after [AMIM]Cl treatment, suggesting a partial disruption of the
triple-helical packing arrangement.

Molecular dynamics (MD) simulations were conducted to elucidate the molecular-
level interactions between collagen and [AMIM]Cl. As depicted in Figure 2d, collagen
adopts a triple-helical structure composed of three polypeptide chains, surrounded by
uniformly distributed [AMIM]Cl molecules. Hydrogen bonding and electrostatic interac-
tions between collagen and the ionic liquid species were statistically analyzed at 150 ns
(Figure 2e,f). The results show that the number of hydrogen bonds formed between the
1-allyl-3-methylimidazolium cation (AMIM+) and collagen fluctuates around 20, whereas
chloride anions (Cl−) form approximately 40 hydrogen bonds with collagen. This indicates
that both ions disrupt the intrinsic hydrogen-bonding network of collagen by establish-
ing competitive hydrogen bonds, with Cl− exhibiting a greater disruptive capacity due
to its higher electronegativity. Analysis of electrostatic interactions reveals a near-zero
Coulombic interaction energy between AMIM+ and collagen, but a significantly negative
value of approximately −3000 kJ/mol for Cl−–collagen interactions. This suggests the
absence of substantial electrostatic attraction between AMIM+ and collagen, in contrast to
the strong attractive interaction mediated by Cl−. In summary, Cl− disrupts both hydrogen
bonding and electrostatic interactions within collagen, while AMIM+ primarily interferes
with hydrogen bonding. These complementary interactions at the molecular level provide
a mechanistic basis for the exfoliation of higher-order CAs.

3.3. Mechanical Properties of Collagen Films

The collagen films fabricated via vacuum filtration (Figure 3a) were freestanding,
uniform, transparent, and elastic. As shown in Figure 3b,c, the water-insoluble CAs served
as fundamental building blocks, self-assembling into a densely interconnected network
during filtration, which conferred excellent structural stability and flexibility to the resulting
films. The mechanical properties of the films were evaluated in both dry and hydrated states.
For dry films (Figure 3d), tensile strength and elongation at break gradually decreased
with prolonged [AMIM]Cl treatment time, accompanied by a transition to brittle fracture
behavior. Specifically, the film prepared from aggregates treated for 0.5 h exhibited a tensile
strength of 44.44 MPa and an elongation at break of 12.95%. The decline in mechanical
performance is attributed to the reduced dimensions and intrinsic mechanical integrity
of the CAs, as well as the weakened physical entanglement between them after extended
ionic liquid treatment.

In contrast, the hydrated film (Figure 3e) demonstrated a tensile strength of 1.49 MPa
and an elongation at break of 74.94%. Its stress–strain curve exhibited a characteristic
“J”-shaped profile, typical of soft biological tissues [51–53]. The incorporation of water
molecules into the inter-aggregate spaces induced swelling, loosened the physical con-
nections, and enhanced structural flexibility [54], thereby reducing mechanical strength
compared to the dry state. As illustrated in Figure 3f, the tensile behavior of the wet
film can be described in three stages. In Region I, CAs gradually align along the tensile
direction under low stress. In Region II, the aligned aggregates undergo slippage and
deformation, leading to progressive elongation. In Region III, further stretching induces
extensive deformation of the highly oriented structure, resulting in a rapid increase in stress
until failure.
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Figure 3. (a) Schematic illustration of the preparation process and photographs showing the ap-
pearance of the collagen film (F-0.5 h); scanning electron microscopy (SEM) image showing (b) the
surface and (c) cross-sectional morphology of the collagen film; typical stress–strain curves of the
(d) dry-state and (e) hydrated-state collagen films; (f) typical stress–strain curves of hydrated collagen
films, with an illustration showing collagen fibril arrangements in the film under force.

Statistical analysis confirmed that exfoliation time significantly influenced the me-
chanical properties (Table S1, Figures S1 and S2). F-0.5 h exhibited the highest tensile
strength in both dry (49.05 ± 6.36 MPa) and hydrated states (1.56 ± 0.08 MPa), with
prolonged treatment leading to significantly lower values (F-3 h dry: 22.36 ± 3.56 MPa,
p < 0.001; hydrated: 0.46 ± 0.04 MPa, p < 0.001). Processing temperature also played a
critical role (Figures S3 and S4); films processed at 60 ◦C showed significantly higher dry
tensile strength (49.05 ± 6.36 MPa) compared to other temperatures (p < 0.05 to p < 0.001),
confirming it as the optimal condition. As shown in Table S2, the F-0.5 h film exhibits
superior mechanical properties compared to many reported collagen materials [55–60],
attributed to the preservation of native aggregated architecture.

3.4. Optical Transmittance and pH Responsiveness of Collagen Films

As illustrated in Figure 4a, the collagen film displays distinct optical transmittance
under different pH conditions. It exhibits high transparency in strongly acidic (pH 1) and
alkaline (pH 12) environments, whereas significant turbidity is observed in neutral solution
(pH 7). These macroscopic observations are corroborated by quantitative measurements of
transmittance and haze (Figure S5). The film also maintains structural stability in organic
solvents such as ethanol and methanol (Figure S6). Systematic evaluation across a broader
pH range (pH 1, 5, 7, 9, and 12) consistently confirmed the pH-dependent transparency
(Figure 4b). To assess reversibility, cyclic immersion tests were conducted between pH 1
and 7, and pH 12 and 7. The results reveal fully reversible transmittance changes in
response to pH variations (Figure 4c,d). After multiple cycles, the film repeatedly regained
high transparency at pH 1 and 12, while reverting to low transparency at pH 7 (Figure 4e).
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Figure 4. (a) Digital photographs of the collagen films (F-0.5 h) after immersion in solutions of
various pH values for 12 h under dry-state conditions (pH 1, pH 7, pH 12); (b) the transmission of
collagen films (F-0.5 h) after immersion in different pH solutions; transmission changes with collagen
films (F-0.5 h) switching in solutions of (c) pH 1 and 7 (d) and pH 12 and 7 for different cycles;
(e) cross-sectional images of collagen films (F-0.5 h) after immersion in aqueous solutions of pH 1, 7,
and 12 for 12 h; (f) schematic showing the arrangements of collagen mesostructures in acidic, basic,
and near-isoelectric point pH solutions (where the ‘+’ and ‘−’ signs represent cations and anions,
respectively).

This optical switching behavior is governed by the ampholytic nature of collagen.
Based on our previous report [43], collagen exhibits an isoelectric point (pI) near pH 6–8.
Zeta potential measurements of the F-0.5 h confirm electrical neutrality at pH 6.5 (Figure S7).
Near the pI, the loss of electrostatic repulsion promotes aggregation of collagen mi-
cro/nanofibers, forming a denser network that scatters light and reduces transmittance. In
acidic or alkaline media (away from pI), the fibers acquire net positive or negative charges,
respectively. Electrostatic repulsion expands the fibrous network, creating a more open
structure that facilitates light transmission. Swelling further reduces optical scattering,
thereby enhancing transparency. Consequently, film transparency is governed by both
solution pH and the resultant structural state of the collagen network.

Based on these findings, we propose a mechanism for the pH-responsive optical be-
havior (Figure 4f). When the environmental pH deviates from the pI, like-charged collagen
fibers repel each other, inducing swelling and increasing light transmission pathways. Near
the pI, charge neutralization promotes fiber aggregation and network contraction, enhanc-
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ing light scattering and reducing transmittance. Conversely, as the environmental pH
approaches the pI, the collagen micro/nanofibers approach electrical neutrality, promoting
their aggregation and entanglement. This results in reduced film swelling, fewer effective
optical transmission pathways, and consequently, decreased light transmittance. The colla-
gen micro/nanofibers, which preserve the native aggregated architecture of collagen, act
as the fundamental structural units of the film. This structural integrity enables the film
to retain excellent shape stability during cyclic soaking in acidic and alkaline solutions
while supporting fully reversible optical switching. Therefore, the optical properties of the
collagen film are dynamically regulated by the ambient pH, which governs the electrostatic
state and spatial organization of the constituent collagen fibers.

3.5. Cytotoxicity Analysis

Excellent biosafety and cellular compatibility are essential prerequisites for biomateri-
als intended for direct contact with tissues, particularly in applications such as hemostatic
dressings. To evaluate the biocompatibility of the collagen-based composite films, their
effects on cellular behavior were examined after 24 h of co-culture (Figure 5). Cell mor-
phology and viability were assessed via live/dead staining. As shown in Figure 5a, cells
maintained a characteristic spindle-shaped morphology and were evenly distributed across
all experimental groups, indicating normal cellular attachment and growth. Quantitative
analysis via MTT assay (Figure 5b) confirmed the excellent biocompatibility of all collagen
films, with cell viability exceeding 80% in all groups. Importantly, cells cultured with
F-0.5 h and F-1 h films exhibited viability above 95%. Statistical analysis revealed that
F-3 h (p < 0.001), F-2 h (p < 0.05), and F-0.5 h (though not significant numerically, showed
a positive trend) all supported cell viability significantly better than the negative control.
Furthermore, both commercial gelatin sponge (CGS, p < 0.01) and commercial chitosan
dressings (CCD, p < 0.05) resulted in significantly lower cell viability compared to F-0.5 h.
These results demonstrate that our collagen films are not only non-cytotoxic but also
actively promote a more favorable cellular response than some commercial alternatives,
supporting their potential for wound-healing applications.

 

Figure 5. (a) Live/dead staining images of mouse fibroblasts (L-929) cultured for 24 h with different
dressing materials; (b) cell survival rates of different materials. Data are presented as mean ± SD
(n = 6). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s test (ns, not
significant; * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control group).

3.6. Conductive Properties of SWNTs/CAs Paper

SWNTs were homogeneously dispersed into a collagen aggregate suspension and
fabricated into freestanding composite paper through vacuum filtration. The resulting
paper displayed a uniform black appearance, high mechanical flexibility, and notable
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structural stability in aqueous environments (Figure 6a–d). Electrical characterization at
room temperature confirmed that the composites exhibit tunable conductivity, which can
be precisely modulated by varying the SWNT content (Figures 6e and S8). To evaluate the
electromechanical response, the resistance of the composite paper was monitored during
repeated folding–unfolding cycles (Figure 6f). Interestingly, the electrical resistance did not
increase upon mechanical deformation over 500 consecutive cycles. Instead, it progressively
decreased with cycling. This behavior can be attributed to a dynamic self-optimization
process induced by folding. Under cyclic mechanical stress, initially loose or suboptimal
conductive pathways are progressively reorganized, slid, and compacted, leading to the
formation of more efficient electron transport networks and thus improved conductivity.

Figure 6. (a) Digital photographs of the SWNT/collagen paper; (b) SWNT/collagen paper of different
shapes; (c) SWNT/collagen paper after soaking in water for 2 h; (d) SWNT/collagen paper after
500 cycles of folding-unfolding treatment; (e) digital photographs of the conductivity experiment
of the SWNT/collagen paper; (f) electrical-resistance variation in the SWNT/collagen paper about
cyclic (500 cycles) folding-unfolding.

Notably, the composite films retained stable electrical performance and high recovery
over 500 mechanical cycles, which can be attributed to the inherent elasticity and resilience
of the collagen fiber network. This network effectively accommodates mechanical strain
without structural degradation, enabling consistent electromechanical response under
repeated deformation. The combination of environmental stability, mechanical durability,
and a sustainable biopolymer matrix underscores the potential of SWNT-reinforced collagen
films as promising material candidates for next-generation flexible and wearable electronics.

4. Conclusions
In summary, this study presents a controlled exfoliation strategy for natural bovine

tendon collagen, guided by a mechanistic understanding of the non-covalent interactions
within its hierarchical architecture. By employing the ionic liquid [AMIM]Cl at 60 ◦C, we
produced fibrous collagen aggregates with tunable mesoscale dimensions while largely
preserving their native supramolecular order. Molecular dynamics simulations eluci-
dated the synergistic exfoliation mechanism, wherein AMIM+ cations disrupt hydrogen
bonds and Cl− anions interfere with both hydrogen bonding and electrostatic interac-
tions. Collagen films fabricated from these optimized building blocks (F-0.5 h, 60 ◦C)
exhibited a remarkable combination of properties, including robust mechanical strength
(44.44 MPa dry, p < 0.01; 1.49 MPa hydrated, p < 0.001), high optical transparency, reversible
pH-responsive behavior, and excellent biocompatibility. Furthermore, the integration of
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single-walled carbon nanotubes yielded conductive composites with stable electromechani-
cal performance. This study not only provides an innovative and efficient pathway for the
precision processing of collagen but also advances the fundamental design principles for
high-performance, biomimetic materials by establishing clear structure–property–function
relationships, thereby offering new avenues for advanced biomedical and flexible elec-
tronic applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym18050595/s1, Figure S1: Mechanical properties of
dry-state structural units of CAs prepared by treating bovine tendon collagen with [AMIM]Cl for
varying durations at a constant temperature; Figure S2: Mechanical properties of hydrated-state
structural units of CAs prepared by treating bovine tendon collagen with [AMIM]Cl for varying
durations at a constant temperature; Figure S3: Mechanical properties of dry-state structural units of
CAs fabricated from bovine tendon collagen treated with [AMIM]Cl at varying temperatures under
a fixed processing time; Figure S4: Mechanical properties of hydrated-state structural units of CAs
fabricated from bovine tendon collagen treated with [AMIM]Cl at varying temperatures under a fixed
processing time; Figure S5: Transmission and haze changes with collagen film (F-0.5 h) switching in
solutions of pH 1 and 7 and 12; Figure S6: Digital photographs of collagen films (F-0.5 h) soaked in
different organic solvents for 12 h; Figure S7: Zeta potentials of the collagen film (F-0.5 h) at different
pH levels; Figure S8: Photos of conductivity of SWNT/collagen films with different proportions of
SWNT; Table S1: The mechanical properties of dry and hydrated collagen films; Table S2: Mechanical
properties compared with other collagen materials.

Author Contributions: Conceptualization, W.Y., K.T. and Y.P.; methodology, W.Y. and W.L.; software,
W.Y. and T.C.; validation, W.Y. and Y.P.; formal analysis, W.Y., W.L., L.W. and Y.S.; investigation,
W.Y. and L.W.; resources, L.W., Y.S. and J.Z.; data curation, W.Y. and T.C.; writing—original draft
preparation, W.Y.; writing—review and editing, K.T. and Y.P.; visualization, W.L., L.W. and T.C.;
supervision, K.T. and Y.P.; project administration, Y.P.; funding acquisition, Y.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China
(No. 22578430 and 52173108), and the Open/Innovation Project of Engineering Research Center
of Phosphorus Resources Development and Utilization of Ministry of Education (LKF202408). The
authors would like to thank Shiyanjia Lab (www.shiyanjia.com (accessed on 25 February 2026)) and
eceshi (www.eceshi.com (accessed on 25 February 2026)) for the support of SEM and FTIR tests.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Selvaraj, V.; Sekaran, S.; Dhanasekaran, A.; Warrier, S. Type I collagen: Synthesis, structure and key functions in bone mineraliza-

tion. Differentiation 2024, 136, 100757. [CrossRef]
2. Shahrajabian, M.H.; Sun, W. Mechanism of action of collagen and epidermal growth factor: A review on theory and research

methods. Mini Rev. Med. Chem. 2024, 24, 453–477. [CrossRef]
3. Zhao, C.; Xiao, Y.; Ling, S.; Pei, Y.; Ren, J. Structure of collagen. Methods Mol. Biol. 2021, 2347, 17–25.
4. Li, W.; Chen, C.S.; Luo, X.G.; Zhou, S.K.; Li, Y.Y.; Hou, J.H.; Tang, K.Y.; Pei, Y. Preliminarily revealing rheological behaviors of

mesoscale collagen fibrils in suspension. J. Mol. Struct. 2024, 1311, 138723. [CrossRef]
5. Tu, T.; Shi, Y.; Zhou, B.; Wang, X.Y.; Zhang, W.J.; Zhou, G.D.; Mo, X.M.; Wang, W.B.; Wu, J.L.; Liu, W. Type I collagen and

fibromodulin enhance the tenogenic phenotype of hASCs and their potential for tendon regeneration. npj Regen. Med. 2023, 8, 67.
[CrossRef]

6. Sallent, I.; Leon Lopez, A.; Aguirre-Álvarez, G.; Zeugolis, D.I. Assessing the potential of caprine collagen type I in the development
of medical devices. Biomacromolecules 2025, 26, 6418–6429. [CrossRef]

https://doi.org/10.3390/polym18050595

https://www.mdpi.com/article/10.3390/polym18050595/s1
www.shiyanjia.com
www.eceshi.com
https://doi.org/10.1016/j.diff.2024.100757
https://doi.org/10.2174/1389557523666230816090054
https://doi.org/10.1016/j.molstruc.2024.138723
https://doi.org/10.1038/s41536-023-00341-z
https://doi.org/10.1021/acs.biomac.5c00309
https://doi.org/10.3390/polym18050595


Polymers 2026, 18, 595 15 of 17

7. Wu, X.Y.; Yang, H.Y.; Liu, G.F.; Sun, W.; Li, J.Y.; Zhao, Y.N.; Gao, X.; Liu, X.Z.; Song, F.F.; Wang, S.L.; et al. Osteomimix: A
multidimensional biomimetic cascade strategy for bone defect repair. Adv. Mater. 2025, 37, e2416715. [CrossRef] [PubMed]

8. Jin, H.; Zhu, X.; Liu, H.; Wang, L.; Liu, S.; Zhang, H. Type-I collagen polypeptide-based composite nanofiber membranes for fast
and efficient bone regeneration. ACS Biomater. Sci. Eng. 2024, 10, 5632–5640. [CrossRef]

9. Wu, Z.L.; Yang, J.; Chong, H.; Dai, X.M.; Sun, H.D.; Shi, J.L.; Yuan, M.J.; Liu, D.W.; Dang, M.B.; Yao, H.; et al. 3D-printed
biomimetic scaffolds loaded with ADSCs and BMP-2 for enhanced rotator cuff repair. J. Mater. Chem. B 2024, 12, 12365–12377.
[CrossRef]

10. Pathmanapan, S.; Vijayalekha, A.; Pandurangan, A.; Ayyadurai, N.; Anandasadagopan, S.K. Engineered composite bilayer
scaffold with functional osteogenic and chondrogenic potential to repair articular cartilage defect. ACS Appl. Bio Mater. 2025, 8,
10456–10471. [CrossRef]

11. Wu, B.F.; Li, X.H.; Wang, R.; Liu, L.; Huang, D.M.; Ye, L.; Wang, Z.M. Biomimetic mineralized collagen scaffolds for bone tissue
engineering: Strategies on elaborate fabrication for bioactivity improvement. Small 2025, 21, e2406441. [CrossRef]

12. She, J.L.; Liu, J.R.; Mu, Y.L.; Lv, S.H.; Tong, J.H.; Liu, L.P.; He, T.X.; Jiaqi Wang, J.Q.; Wei, D.Q. Recent advances in collagen-based
hydrogels: Materials, preparation and applications. React. Funct. Polym. 2025, 207, 106136. [CrossRef]

13. Pei, Y.; Yang, W.; Tang, K.Y.; Kaplan, D.L. Collagen processing with mesoscale aggregates as templates and building blocks.
Biotechnol. Adv. 2023, 63, 108099. [CrossRef]

14. Yudaev, P.; Mezhuev, Y.; Chistyakov, E. Nanoparticle-Containing wound dressing: Antimicrobial and healing effects. Gels 2022,
8, 329. [CrossRef] [PubMed]

15. Wu, H.C.; Wang, T.W.; Kang, P.L.; Tsuang, Y.H.; Sun, J.S.; Lin, F.H. Coculture of endothelial and smooth muscle cells on a collagen
membrane in the development of a small-diameter vascular graft. Biomaterials 2007, 28, 1385–1392. [CrossRef] [PubMed]

16. Yang, S.; Shi, X.X.; Li, X.M.; Wang, J.F.; Wang, Y.L.; Luo, Y.F. Oriented collagen fiber membranes formed through counter-rotating
extrusion and their application in tendon regeneration. Biomaterials 2019, 207, 61–75. [CrossRef] [PubMed]

17. Liu, X.H.; Dan, N.H.; Dan, W.H. Preparation and characterization of an advanced collagen aggregate from porcine acellular
dermal matrix. Int. J. Biol. Macromol. 2016, 88, 179–188. [CrossRef]

18. Wu, J.; Na, H.; Bai, F.; Li, S.; Gao, H.; Sha, R. Preparation and tissue structure analysis of horse bone collagen peptide. Sci. Rep.
2024, 14, 25687. [CrossRef]

19. Chikelu, C.W.; Berns, M.; Conover, D.; Habas, R.; Han, L.; Street, R.M.; Schauer, C.L. Collagen nanoyarns: Hierarchical
three-dimensional biomaterial constructs. Biomacromolecules 2023, 24, 1155–1163. [CrossRef]

20. Zhao, C.; Xiao, Y.; Ling, S.; Pei, Y.; Ren, J. Synthesis and assembly of recombinant collagen. Methods Mol. Biol. 2021, 2347, 83–96.
21. Giannetti, G.; Matsumura, F.; Caporaletti, F.; Micha, D.; Koenderink, G.H.; Ilie, I.M.; Bonn, M.; Woutersen, S.; Giubertoni, G. Water

and collagen: A mystery yet to unfold. Biomacromolecules 2025, 26, 2784–2799. [CrossRef]
22. Raza, M.; Jawaid, M.; Abu-Jdayil, B. Extraction of lignin-containing nanocellulose fibrils from date palm waste using a green

solvent. Int. J. Biol. Macromol. 2024, 267, 131540. [CrossRef]
23. Zhou, T.; Gui, C.M.; Sun, L.G.; Hu, Y.X.; Lyu, H.; Wang, Z.H.; Song, Z.; Yu, G.Q. Energy applications of ionic liquids: Recent

developments and future prospects. Chem. Rev. 2023, 123, 12170–12253. [CrossRef] [PubMed]
24. Zhao, Z.; Yang, R.; Chen, D.; Wan, J.; Huang, W.; Prakash, S. Preparation of composite film based on corn starch and soybean fiber

composites blended in 1-ethyl-3-methylimidazolium chloride. J. Sci. Food Agric. 2025, 105, 2960–2967. [CrossRef]
25. Bharmoria, P.; Tietze, A.A.; Mondal, D.; Kang, T.S.; Kumar, A.; Freire, M.G. Do ionic liquids exhibit the required characteristics to

dissolve, extract, stabilize, and purify proteins? past-present-future assessment. Chem. Rev. 2024, 124, 3037–3084. [CrossRef]
26. Hajba, L.; Guttman, A. Ionic liquids in capillary electrophoresis analysis of proteins and carbohydrates. J. Chromatogr. A 2024,

1716, 464642. [CrossRef] [PubMed]
27. Pei, Y.; Chu, S.; Zheng, Y.R.; Zhang, J.H.; Liu, H.; Zheng, X.J.; Tang, K.Y. Dissolution of collagen fibers from tannery solid wastes in

1-allyl-3-methylimidazolium chloride and modulation of regenerative morphology. ACS Sustain. Chem. Eng. 2019, 7, 2530–2537.
[CrossRef]

28. Norfarhana, A.S.; Ilyas, R.A.; Ngadi, N.; Othman, M.H.D.; Misenan, M.S.M.; Norrrahim, M.N.F. Revolutionizing lignocellulosic
biomass: A review of harnessing the power of ionic liquids for sustainable utilization and extraction. Int. J. Biol. Macromol. 2024,
256, 128256. [CrossRef]

29. Ren, F.; Wang, J.W.; Yu, J.L.; Zhong, C.; Xie, F.W.; Wang, S.J. Dissolution of cellulose in ionic liquid-dmso mixtures: Roles of
dmso/il ratio and the cation alkyl chain length. ACS Omega 2021, 6, 27225–27232. [CrossRef] [PubMed]

30. Zhou, M.; Li, C.L.; Zhu, Z.W.; Huang, L.R.; Dai, C.H.; Zhang, L.H.; Fakayode, O.A.; Zhou, C.S. Advances in catalytic conversion
of lignin to vanillin using ionic liquids and deep eutectic solvents. Food Chem. 2025, 487, 144638. [CrossRef]

31. Meng, Z.J.; Zheng, X.J.; Tang, K.Y.; Liu, J.; Ma, Z.; Zhao, Q.L. Dissolution and regeneration of collagen fibers using ionic liquid.
Int. J. Biol. Macromol. 2021, 51, 440–448. [CrossRef]

https://doi.org/10.3390/polym18050595

https://doi.org/10.1002/adma.202416715
https://www.ncbi.nlm.nih.gov/pubmed/39924776
https://doi.org/10.1021/acsbiomaterials.4c00669
https://doi.org/10.1039/D4TB01073F
https://doi.org/10.1021/acsabm.5c01784
https://doi.org/10.1002/smll.202406441
https://doi.org/10.1016/j.reactfunctpolym.2024.106136
https://doi.org/10.1016/j.biotechadv.2023.108099
https://doi.org/10.3390/gels8060329
https://www.ncbi.nlm.nih.gov/pubmed/35735673
https://doi.org/10.1016/j.biomaterials.2006.11.012
https://www.ncbi.nlm.nih.gov/pubmed/17141865
https://doi.org/10.1016/j.biomaterials.2019.03.041
https://www.ncbi.nlm.nih.gov/pubmed/30954886
https://doi.org/10.1016/j.ijbiomac.2016.03.066
https://doi.org/10.1038/s41598-024-75960-7
https://doi.org/10.1021/acs.biomac.2c01204
https://doi.org/10.1021/acs.biomac.4c01735
https://doi.org/10.1016/j.ijbiomac.2024.131540
https://doi.org/10.1021/acs.chemrev.3c00391
https://www.ncbi.nlm.nih.gov/pubmed/37879045
https://doi.org/10.1002/jsfa.14069
https://doi.org/10.1021/acs.chemrev.3c00551
https://doi.org/10.1016/j.chroma.2024.464642
https://www.ncbi.nlm.nih.gov/pubmed/38237290
https://doi.org/10.1021/acssuschemeng.8b05428
https://doi.org/10.1016/j.ijbiomac.2023.128256
https://doi.org/10.1021/acsomega.1c03954
https://www.ncbi.nlm.nih.gov/pubmed/34693142
https://doi.org/10.1016/j.foodchem.2025.144638
https://doi.org/10.1016/j.ijbiomac.2012.05.030
https://doi.org/10.3390/polym18050595


Polymers 2026, 18, 595 16 of 17

32. Andonegi, M.; Correia, D.M.; Costa, C.M.; Lanceros-Mendez, S.; Caba, K.D.L.; Guerrero, P. Tailoring physicochemical properties
of collagen-based composites with ionic liquids and wool for advanced applications. Polymer 2022, 252, 124943. [CrossRef]

33. Ge, M.; Fang, T.; Zhou, G.; Li, C.; Li, Y.; Liu, X. Insight into the dual effect of water on lignin dissolution in ionic liquids. Int. J.
Biol. Macromol. 2022, 205, 178–184. [CrossRef]

34. Yeo, D.; Tini, M.I.; Joly, N.; Souvenir-Zafindrajaona, M.; Mbakidi, J.P.; Lequart, V.; Chaveriat, L.; Bouquillon, S.; Martin, P. Ionic
liquids: History, conception, applications, and perspectives. Green Chem. Lett. Rev. 2025, 18, 2543910. [CrossRef]

35. Sarda, S.R.; Wasmatkar, S.K.; Jadhav, W.N.; Dake, S.A.; Sawale, A.R.; Kaminwar, N.S.; Shisodia, S.U.; Pawar, R.P. Ammonium- and
Phosphonium-Based Ionic Liquid: Green and Reusable Catalysts; Springer: New Delhi, India, 2014; pp. 105–127.

36. Zhuo, Y.; Cheng, H.L.; Zhao, Y.G.; Cui, H.R. Ionic liquids in pharmaceutical and biomedical applications: A review. Pharmaceutics
2024, 16, 151. [CrossRef]

37. Kadokawa, J. Dissolution, gelation, functionalization, and material preparation of chitin using ionic liquids. Pure Appl. Chem.
2016, 88, 621–629. [CrossRef]

38. Correia, D.M.; Fernandes, C.F.; Fernandes, M.M.; Hermenegildo, B.; Meira, R.M.; Ribeiro, C.; Ribeiro, S.; Reguera, J.; Lanceros-
Méndez, S. Ionic liquid-based materials for biomedical applications. Nanomaterials 2021, 11, 2401. [CrossRef] [PubMed]

39. Hu, Y.L.; Liu, L.; Yu, J.; Wang, Z.G.; Fan, Y.M. Preparation of silk nanowhisker-composited amphoteric cellulose/chitin nanofiber
membranes. Biomacromolecules 2020, 21, 1625–1635. [CrossRef]

40. Zhao, Y.C.; Marcink, T.C.; Gari, R.R.S.; Marsh, B.P.; King, G.M.; Stawikowska, R.; Fields, G.B.; Doren, S.R.V. Transient collagen
triple helix binding to a key metalloproteinase in invasion and development. Structure 2015, 23, 257–269. [CrossRef] [PubMed]

41. Kagami, L.; Wilter, A.; Diaz, A.; Vranken, W. The ACPYPE web server for small-molecule MD topology generation. Bioinformatics
2023, 39, 350. [CrossRef]

42. Silva, A.W.S.D.; Vranken, W.F. ACPYPE-AnteChamber python parser interface. BMC Res. Notes 2012, 5, 367.
43. Pei, Y.; Jordan, K.E.; Xiang, N.; Parker, R.N.; Mu, X.; Zhang, L.; Feng, Z.; Chen, Y.; Li, C.; Guo, C.C.; et al. Liquid-Exfoliated

mesostructured collagen from the bovine achilles tendon as building blocks of collagen membranes. ACS Appl. Mater. Interfaces
2021, 13, 3186–3198. [CrossRef]

44. Pei, Y.; Li, W.; Wang, L.; Cui, J.; Li, L.; Ling, S.J.; Tang, K.Y.; Tian, H.F. Mesostructured fibrils exfoliated in deep eutectic solvent as
building blocks of collagen membranes. Polymers 2023, 15, 4008. [CrossRef]

45. Payne, K.J.; Veis, A. Fourier transform ir spectroscopy of collagen and gelatin solutions: Deconvolution of the amide I band for
conformational studies. Biopolymers 1988, 27, 1749–1760. [CrossRef]

46. Ahmad, M.; Benjakul, S. Extraction and characterisation of pepsin-solubilised collagen from the skin of unicorn leatherjacket
(Aluterus monocerous). Food Chem. 2010, 120, 817–824. [CrossRef]

47. Evanko, S.P.; Vogel, K.G. Ultrastructure and proteoglycan composition in the developing fibrocartilaginous region of bovine
tendon. Matrix 1990, 10, 420–436. [CrossRef] [PubMed]

48. Stani, C.; Vaccari, L.; Mitri, E.; Birarda, G. FTIR investigation of the secondary structure of type I collagen: New insight into the
amide III band. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 229, 118006. [CrossRef] [PubMed]

49. Maxwell, C.A.; Wess, T.J.; Kennedy, C.J. X-ray diffraction study into the effects of liming on the structure of collagen. Biomacro-
molecules 2006, 7, 2321–2326. [CrossRef] [PubMed]

50. Giraud-Guille, M.M.; Besseau, L.; Chopin, C.; Durand, P.; Herbage, D. Structural aspects of fish skin collagen which forms ordered
arrays via liquid crystalline states. Biomaterials 2000, 21, 899–906. [CrossRef] [PubMed]

51. Shearer, T.; Parnell, W.J.; Lynch, B.; Screen, H.R.C.; Abrahams, I.D. A recruitment model of tendon viscoelasticity that incorporates
fibril creep and explains strain-dependent relaxation. J. Biomech. Eng. 2020, 142, 071003. [CrossRef] [PubMed]

52. Raz, E.; Lanir, Y. Recruitment viscoelasticity of the tendon. J. Biomech. Eng. 2009, 131, 111008. [CrossRef]
53. Akentjew, T.L.; Terraza, C.; Suazo, C.; Maksimcuka, J.; Wilkens, C.A.; Vargas, F.; Zavala, G.; Ocaña, M.; Enrione, J.; García-Herrera,

C.M.; et al. Rapid fabrication of reinforced and cell-laden vascular grafts structurally inspired by human coronary arteries. Nat.
Commun. 2019, 10, 3098. [CrossRef]

54. Kumar, V.; Bollström, R.; Yang, A.; Chen, Q.X.; Chen, G.; Salminen, P.; Bousfield, D.; Toivakka, M. Comparison of nano- and
microfibrillated cellulose films. Cellulose 2014, 21, 3443–3456. [CrossRef]

55. Nuerjiang, M.; Bai, X.; Sun, L.; Wang, Q.; Xia, X.F.; Li, F.F. Size effect of fish gelatin nanoparticles on the mechanical properties of
collagen film based on its hierarchical structure. Food Hydrocoll. 2023, 144, 108931. [CrossRef]

56. Ma, Y.H.; Teng, A.G.; Zhao, K.X.; Zhang, K.; Zhao, H.Y.; Duan, S.M.; Li, S.Z.; Guo, Y.; Wang, W.H. A top-down approach to
improve collagen film’s performance: The comparisons of macro, micro and nano sized fibers. Food Chem. 2020, 309, 125624.
[CrossRef]

57. Zhao, K.X.; Tian, X.J.; Xing, J.F.; Huang, N.; Zhang, H.J.; Zhao, H.Y.; Wang, W.H. Tunable mechanical behavior of collagen-based
films: A comparison of celluloses in different geometries. Int. J. Biol. Macromol. 2022, 214, 120–127. [CrossRef]

58. Zhang, T.; Yu, Z.; Ma, Y.; Chiou, B.-S.; Liu, F.; Zhong, F. Modulating physicochemical properties of collagen films by cross-linking
with glutaraldehyde at varied pH values. Food Hydrocoll. 2022, 124, 107270. [CrossRef]

https://doi.org/10.3390/polym18050595

https://doi.org/10.1016/j.polymer.2022.124943
https://doi.org/10.1016/j.ijbiomac.2022.02.079
https://doi.org/10.1080/17518253.2025.2543910
https://doi.org/10.3390/pharmaceutics16010151
https://doi.org/10.1515/pac-2016-0503
https://doi.org/10.3390/nano11092401
https://www.ncbi.nlm.nih.gov/pubmed/34578716
https://doi.org/10.1021/acs.biomac.0c00223
https://doi.org/10.1016/j.str.2014.11.021
https://www.ncbi.nlm.nih.gov/pubmed/25651059
https://doi.org/10.1093/bioinformatics/btad350
https://doi.org/10.1021/acsami.0c20330
https://doi.org/10.3390/polym15194008
https://doi.org/10.1002/bip.360271105
https://doi.org/10.1016/j.foodchem.2009.11.019
https://doi.org/10.1016/S0934-8832(11)80150-2
https://www.ncbi.nlm.nih.gov/pubmed/2084520
https://doi.org/10.1016/j.saa.2019.118006
https://www.ncbi.nlm.nih.gov/pubmed/31927236
https://doi.org/10.1021/bm060250t
https://www.ncbi.nlm.nih.gov/pubmed/16903677
https://doi.org/10.1016/S0142-9612(99)00244-6
https://www.ncbi.nlm.nih.gov/pubmed/10735466
https://doi.org/10.1115/1.4045662
https://www.ncbi.nlm.nih.gov/pubmed/34043761
https://doi.org/10.1115/1.3212107
https://doi.org/10.1038/s41467-019-11090-3
https://doi.org/10.1007/s10570-014-0357-5
https://doi.org/10.1016/j.foodhyd.2023.108931
https://doi.org/10.1016/j.foodchem.2019.125624
https://doi.org/10.1016/j.ijbiomac.2022.05.191
https://doi.org/10.1016/j.foodhyd.2021.107270
https://doi.org/10.3390/polym18050595


Polymers 2026, 18, 595 17 of 17

59. Chen, C.; Liu, F.; Yu, Z.; Ma, Y.; Goff, H.D.; Zhong, F. Improvement in physicochemical properties of collagen casings by
glutaraldehyde cross-linking and drying temperature regulating. Food Chem. 2020, 318, 126404. [CrossRef]

60. Nam, K.; Kimura, K.; Funamoto, S.; Kishida, A. Preparation of a collagen/polymer hybrid gel designed for tissue membranes.
Part I: Controlling the polymer–collagen cross-linking process using an ethanol/water co-solvent. Acta Biomater. 2010, 6, 403–408.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/polym18050595

https://doi.org/10.1016/j.foodchem.2020.126404
https://doi.org/10.1016/j.actbio.2009.06.021
https://www.ncbi.nlm.nih.gov/pubmed/19531383
https://doi.org/10.3390/polym18050595

	Introduction 
	Materials and Methods 
	Liquid-Phase Exfoliation of Bovine Tendon Collagen by Ionic Liquids 
	Preparation of CAs Films 
	Structural Characterization of CAs 
	Molecular Dynamics Simulations 
	Mechanical Testing of CAs Films 
	Transparency and pH-Responsive Behavior of CAs Films 
	Cytotoxicity Assay of CAs Films 
	Conductive SWNTs/CAs Paper 

	Results 
	Structure of CAs 
	Mechanistic Analysis of Bovine Tendon Collagen Exfoliation 
	Mechanical Properties of Collagen Films 
	Optical Transmittance and pH Responsiveness of Collagen Films 
	Cytotoxicity Analysis 
	Conductive Properties of SWNTs/CAs Paper 

	Conclusions 
	References

