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A B S T R A C T   

Soft hydrogels are excellent candidate materials for repairing various tissue defects, yet the mechanical strength, 
anti-swelling properties, and biocompatibility of many soft hydrogels need to be improved. Herein, inspired by 
the nanostructure of collagen fibrils, we developed a strategy toward achieving a soft but tough, anti-swelling 
nanofibrillar hydrogel by combining the self-assembly and chemical crosslinking of nanoparticles. Specifically, 
the collagen fibril-like injectable hydrogel was subtly designed and fabricated by self-assembling methylacrylyl 
hydroxypropyl chitosan (HM) with laponite (LAP) to form nanoparticles, followed by the inter-nanoparticle 
bonding through photo-crosslinking. The assembly mechanism of nanoparticles was elucidated by both experi-
mental and simulation techniques. Due to the unique structure of the crosslinked nanoparticles, the nano-
composite hydrogels exhibited low stiffness (G’< 2 kPa), high compressive strength (709 kPa), and anti-swelling 
(swelling ratio of 1.07 in PBS) properties. Additionally, by harnessing the photo-crosslinking ability of the 
nanoparticles, the nanocomposite hydrogels were processed as microgels, which can be three-dimensionally (3D) 
printed into complex shapes. Furthermore, we demonstrated that these nanocomposite hydrogels are highly 
biocompatible, biodegradability, and can effectively promote fibroblast migration and accelerate blood vessel 
formation during wound healing. This work presents a promising approach to develop biomimetic, nanofibrillar 
soft hydrogels for regenerative medicine applications.   

1. Introduction 

Repair and regeneration of soft tissues (e.g. skin, tendon, and mus-
cles) remain significant clinical challenges. Soft hydrogels (<10 kPa) are 
a favorable material for soft tissue repair, which have been used to 
facilitate stem cell differentiation into target cell lineages and promote 
soft tissue formation [1,2]. Initially, synthetic polymer hydrogels, 
including polyacryl amide (PAA) [3,4], polyethylene glycol (PEG) [5], 
polyvinyl alcohol (PVA) [6], polydimethyl siloxane (PDMS) [7], have 
been adopted as the soft matrix to modulate cell behaviors. While these 
hydrogels have low stiffness and appropriate strength, the poor 

biodegradability, excessive swelling, and potential toxicity greatly 
restrict their clinical applications. Recently, natural polymers, like 
polysaccharides [8–10], peptides [11], and proteins [12–14], have been 
developed to fabricate soft hydrogels with higher biocompatibility. 
However, uncontrollable swelling and poor mechanical strength 
significantly limit the long-term in vivo applications of hydrogels, 
particularly in complex environments. Additionally, as implant mate-
rials, injectable hydrogels are advantageous over preformed hydrogels 
as they lead to better defect filling, reduced patient discomfort, and 
lower risk of infection [15]. To date, there has been a paucity of research 
into the fabrication of injectable, soft, tough, and anti-swelling natural 
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polymer hydrogels. 
The extracellular matrix (ECM) of most soft tissues is mainly 

composed of a network of sturdy and water-insoluble fibrillar proteins, 
such as collagen, and thus has low swelling and high mechanical 
strength [16]. This is due to the major role played by the collagen fibrils 
in collagen, which are assembled from collagen molecules [17,18]. 
Their hydrophobic groups could reduce the ability of the obtained 
fibrillar network to bind to water. Moreover, owing to their hierarchical 
filamentous structure with transverse striations, improved energy 
dissipation could be realized by utilizing internal collagen molecules 
through helical deformation and relative slip [17]. Inspired by these, 
some biomimetic nanofibrillar hydrogels have been reported, which 
were generally formed by hierarchical assembly of molecular or nano-
colloidal building blocks into fibrils followed by crosslinking [19–22]. 
They have tunable stiffness, good mechanical properties, and fibrillar 
structure, but most of them do not display multiple energy dissipation 
mechanisms and lack injectability due to uncontrolled self-assembly and 
crosslinking. In addition, only a limited number of studies examined the 
swelling properties. 

Hydroxypropyl chitosan (HCS), an important chitosan derivative 
with good water solubility, amphiphilicity, biocompatibility and 
biodegradability, is often used in pharmaceuticals, skin repair, and tis-
sue engineering [23,24]. HCS can form aggregates in aqueous solution 
by self-assembly, due to its hydrophobic interaction (acetyl group and 
glycosides) and intermolecular hydrogen bonding [23,25]. Its amino can 
be used to introduce vinyl groups to obtain injectable photo-crosslinking 
hydrogels with spatiotemporal controllability. Hence, HCS could be a 
promising candidate for forming injectable nanofibrillar hydrogels by 
chemical crosslinking between aggregates, which, however, has been 
rarely reported. Laponite (LAP), a 2D nanosized silicate disc, exhibits 
permanent negative charge on the surface and positive charge on the 
rim, which readily binds electrostatically to positively charged chitosan 
[26,27]. Therefore, we hypothesize that the introduction of LAP can 
enhance the cohesion of HCS aggregates, offering the possibility of 
developing injectable, soft, tough, and swell-resistant hydrogels. 

Herein, by emulating the nanostructure and amphiphilicity of 
collagen fibres, we proposed a combined self-assembly and chemical 

cross-linking strategy for the preparation of injectable, biocompatible, 
soft (G’< 2 kPa), compression-resistant (compressive strength of 709 
kPa), and anti-swelling (swelling ratio of 1.07 in PBS) hydrogels from 
natural polymers. The self-assembled nanoparticles were formed by the 
interaction of methylacrylyl HCS (HM) with LAP, which then bonded 
with each other by photo-crosslinking to form a collagen fibril-like 
nanostructured hydrogel (Scheme 1). In addition, we explored the ef-
fects of processing factors such as methylacrylyl group (MA) substitution 
degrees of HM and the amount of LAP added to the hydrogels’ physical 
properties and drug release performance. Furthermore, we examined the 
biocompatibility of the hydrogels and the printability of their reproc-
essed microgels. Finally, the effects of HM/LAP (HML) hydrogels on skin 
regeneration were evaluated both in vitro and in vivo, which revealed 
their great potential in soft-tissue engineering applications. This work 
provides a promising strategy for the development of biomimetic 
nanofibrillar hydrogels and soft hydrogels for long-term biomedical 
applications such as wound dressing. 

2. Materials and methods 

2.1. Materials 

HCS (MW ~100 kDa) was purchased from Shanghai Shifeng Bio-
logical Technology Co., Ltd. Laponite XLG (LAP) was purchased from 
BYK Additives & Instruments, Germany. Methacrylic anhydride, Irga-
cure 2959, phosphate buffer solution (PBS), and pyrene were obtained 
from Macklin Biotechnology Co., Ltd, China. Bovine serum albumin 
(BSA, 68 kDa) was obtained from BioFroxx, Germany. BCA Protein 
Assay Kit was purchased from Beijing Solarbio Science & Technology 
Co. Ltd, China. Deionized water (DI water) from a Milli-Q water system 
was used in all experiments. 

2.2. Synthesis and characterization of HM 

HM was synthesized according to the previous report of methacry-
lated gelatin with appropriate modification [28]. 5 g of HCS was added 
to 200 mL of PBS (pH = 7.4) kept stirring to the homogeneous solution, 

Scheme 1. Schematic illustration of the preparation and properties of collagen fibril-like HML nanocomposite hydrogels in tissue engineering.  
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and heated up to 50 ◦C. Then, methacrylic anhydride was slowly (0.5 
mL/min) added to the above solution and kept stirring at 50 ◦C for 4 h. 
The mixture was then cooled to room temperature and dialyzed against 
PBS using 10,000 MWCO membrane to remove unreacted methacrylic 
anhydride at 45 ◦C for 5 d. After dialysis in DI water for 1 d, the HM 
solution was freeze-dried. 0.375 mL, 0.75 mL, 1.5 mL, and 3.0 mL of 
methacrylic anhydride were used to fabricate HM with different degrees 
of substitution of methylacrylyl group (DSMA) and marked as HM1, HM2, 
HM3, and HM4, respectively. 

The HM structure was determined using FT-IR spectroscopy 
(TENSOR27, Bruker) and 1H-NMR spectrometry (Bruker Avance III HD, 
600 MHz, D2O). 

The DSMA of HM was measured by the ninhydrin method [29]. For 
ninhydrin measurement, 10 mg of HM was dissolved in 0.5 mL of acetic 
acid/sodium acetate buffer (4 M, pH 5.5), and then mixed with 0.5 mL 
ninhydrin reagent. After reacting at 100 ◦C for 20 min, the mixture was 
cool down and the absorbance at 570 nm was measured. To generate a 
standard curve, unmodified HCS was serially diluted in acetic acid/-
sodium acetate buffer from 0 to 10 mg/mL in increments of 1 mg/mL in 
triplicate. 

2.3. Preparation of HML nanocomposite hydrogel 

Various amounts of LAP (2, 5, 7.5, 10, and 20 mg/mL) dispersion 
were prepared in 0.5% Irgacure 2959 solution. 40 mg of HM was added 
to 1 mL of LAP dispersion and stirred until completely dissolved to ac-
quire the HML nanocomposite. The HML nanocomposite was labeled as 
HMtLx, where t and x are the serial number of HM with different DSMA 
and concentrations of LAP dispersion (2, 5, 7.5, 10, and 20 mg/mL), 
respectively. The nanocomposite was then defoamed by centrifugation 
and irradiated by UV light (365 nm, 10 mW cm− 2) for 2 min to form the 
HML nanocomposite hydrogel (HMtLx hydrogel). 

2.4. Characterization of HML nanocomposite hydrogel 

The UV–vis transmittance spectra of the nanocomposite were ob-
tained by UV-1800 spectrophotometer (Shimadzu, Japan). X-ray 
photoelectron spectroscopy (XPS) measurements were taken by Thermo 
Scientific NEXSA spectrometer using Al Kα radiation (hυ = 1486.6 eV). 
The morphology of the nanocomposite was observed by scanning elec-
tron microscope (SEM, Merlin, Zeiss, Germany). Further, cryo-SEM 
(JSM-7900F, JEOL, Japan) was used to investigate the ultrastructure 
of the hydrogels. 

The hydrodynamic diameters and zeta potentials of nanocomposites 
with different compositions were characterized by Nanoparticles 
Analyzer (HORIBA SZ-100Z, Japan). Due to the low transmittance of the 
original nanocomposite, the Analyzer cannot detect it. There is another 
way to evaluate the nanocomposites: 4 mg of HM was added to 1 mL of 
LAP dispersion (0.2, 0.5, 1.0, 2.0 mg/mL) and stirred until completely 
dissolved, which can indirectly reflect the formation of HML nano-
composite. Considering the critical micelle concentration (CMC) of HM2, 
5 mg/mL was used as the tested concentration of HM2 in hydrodynamic 
diameters measurement. 

2.5. Molecular dynamic simulations 

Molecular models were built using Materials Studio 2017, with a 
100-unit structure of HM molecule, and a layer sepiolite supercell (u =
12, v = 4). The sepiolite and HM molecular models were geometrically 
optimized using the Geometry Optimization method in the Forcite 
module (COMPASS II force, Ultra-fine). The optimized HM was added to 
the sepiolite surface using the layering tool (vacuum layer set to 100) 
and the kinetic calculations were run. Then the Dynamics option in the 
Forcite module (Ultra-fine accuracy), and NVT (canonical ensemble) 
were selected, and the total simulation time was 200 ps. The thermostat 
selected Andersen for dynamic simulation at 298 K. The interaction 

energy of HM with the sepiolite surface was calculated by Equation (1): 

EInteraction =Etotal −
(
ESepiolite +EHM

)
(1) 

Etotal is the energy of sepiolite and HM, E Sepiolite is the energy of 
sepiolite without HM, and EHM is the energy of HM without sepiolite. 
These calculations were single-point energies and were performed with 
the removal of constraints. 

2.6. Physical properties 

To measure the swelling properties of nanocomposite hydrogels in 
different environments, all hydrogels (Wd) were soaked in H2O/PBS/ 
DMEM at 37 ◦C, respectively. At a designed time (t = 0, 2, 4, 6, 10, 24, 
36, 48 h), the wet weight (Wt) of the hydrogels was measured after 
removing solvent on the surface by wiping gently using a filter paper. 
The weight swelling ratio of hydrogels was calculated by Equation (2): 

Swelling ratio=
Wt

W0
(2) 

Mechanical properties were detected by a Universal Testing Machine 
(INSTRON VS81452323RE). The compressive strength was measured on 
samples with a diameter = 10 mm and a thickness = 3.0 mm at a speed 
of 1 mm min− 1. Additionally, the 3D printed hydrogel (diameter = 10 
mm, thickness = 3.0 mm, line distance = 0.8 mm, layer height = 0.3 
mm) used for mechanical measurement was printed by a 21 G needle. 
The compressive modulus was calculated using the slope of the stress- 
strain curve with a strain of 0.05–0.15 mm/mm. The cycle compres-
sion data was taken for HM2L5 gel in three strain ranges (0–60%, 0–65%, 
and 0–70%) for 5 cycles, which was processed to monitor energy 
dissipated. Five replicates were used for each hydrogel composition. 

Rheological measurements were conducted on a TA Instruments 
ARES-G2 Rheometer equipped with a 25 mm/8 mm parallel plate ge-
ometry at 25 ◦C in a humid atmosphere with a gap distance of 1 mm. 
Rheological properties of hydrogels were examined by amplitude sweep 
(0.1–1000% strain, 1 Hz) and frequency sweeps oscillatory shear 
(0.1–100 rad s− 1, 1% strain) to evaluate storage and loss modulus, yield 
point. 

To determine the degradation characteristics of the hydrogels, the 
indicated samples were incubated in lysozyme solution (1.0 mg/mL, 
dissolved in PBS) for 7, 14, 21, and 28 d. The weight (Wt) of the 
hydrogels was measured after multiple rinsing in DI water, followed by 
freeze-drying. The degradation ratio of hydrogels was calculated by 
Equation (3): 

Degradation ratio=
Wt

W0
(3)  

2.7. In vitro drug release performance 

For fabricating BSA-loaded HML nanocomposite hydrogels, BSA was 
dissolved in each HML nanocomposite at a concentration of 1 mg/mL 
and stirred for 12 h, followed by UV irradiation. 0.3 g of BSA-loaded 
hydrogels was immersed with 1.2 mL PBS and placed in a 37 ◦C 
shaker. 100 μL of the liquid was aspirated at a designed time point for 
sampling, and 100 μL of fresh PBS was replaced. The collected sample 
liquid was stored frozen at − 20 ◦C. After day 7, the BSA concentrations 
in the release media were determined using the BCA assay kit by the 
Microplate Reader (Thermo, Multiskan, USA). 

2.8. Preparation and characterization of HML nanocomposite microgels 

To create printable microgels, bulk nanocomposite hydrogels were 
made inside a 5 mL syringe and manually pressed through a 400-mesh 
nylon sieve and repeated one more time. HM2L5 gel was selected as 
the experimental object. The rheological behaviors of microgels were 
also investigated in shear rate sweeps (0.1–500 s− 1), besides amplitude 
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sweep and frequency sweeps. For shear recovery properties, samples 
were exposed to repeating cycles of alternating phases of strain (1 Hz, 
1%, and 500% strain, 300 s). 

The 3D printing process was performed in a desktop bioprinter 
(BioMaker, Sunp Biotech, Beijing, China). Briefly, microgels were 
defoamed by centrifugation and then loaded into a print syringe 
equipped with a 22 G needle. The extrusion speed and moving speed 
were coordinated to deliver continuous filaments. After printing, the 
printed constructs were treated with UV light (365 nm, 10 mW cm− 2) for 
2 min in an N2 atmosphere to avoid oxygen inhibition. To explore the 
shape fidelity of different microgels, a hollow cylinder (height = 10 mm, 
diameter = 10 mm, layer height = 200 μm) was set and printed from the 
microgels. The actual height of the cylinder was measured, and each 
microgel was tested at least three times. 

2.9. In vitro biocompatibility 

Human bone marrow mesenchymal stem cells (hMSCs) were used to 
evaluate the cytotoxicity of the nanocomposites and hydrogels. Pre- 
seeded hMSCs were treated with different concentrations of HM2 solu-
tion (0.1–10 mg/mL), LAP solution (0.001–5 mg/mL), and HM2L5 so-
lution (0.1125–11.25 mg/mL) for 1 d and 3 d. Then the cell viability was 
analyzed by the CCK-8 kit assay. Additionally, hMSCs were co-incubated 
with the hydrogels of 50 mg/mL for 1, 3, and 5 d, respectively, and were 
tested by lived/dead staining and CCK-8 kit assay. 

HUVECs and L929 cells were also used to detect the cell viability of 
the hydrogels through the CCK-8 kit assay. HUVECs and L929 cells were 
cultured in Endothelial Cell Medium (ECM) and DMEM, respectively. 
Briefly, 3 × 103 cells/well of HUVECs and L929 cells were seeded onto 
96-well plates and then treated with different hydrogel extracts (50 mg 
hydrogel in 1 mL medium). After incubation for 1, 3, and 5 d, CCK-8 
solution was added and incubated for 2 h, and the cell absorbance was 
detected at 450 nm by a microplate reader. Cell viability was calculated 
according to Equation (4): 

Cell viability (%)=
AbsorbanceSample

AbsorbanceControl
× 100% (4) 

The in vitro hemolysis ratio of nanocomposite was measured. HM2 
solution (10 mg/mL), LAP suspension (1.25 mg/mL), and HM2L5 
nanocomposite (11.25 mg/mL) were diluted to corresponding concen-
trations by PBS. Then, 200 μL of erythrocyte diluent was mixed with 
800 μL of the sample suspension and then incubated at 37 ◦C for 1 h. 
After centrifuging at 3000 rpm for 5 min, the absorbance of the super-
natant (AS) was read at 405 nm in a microplate reader. DI water and PBS 
were used as the positive (AP) and negative control (AN), respectively. 
The hemolysis ratio (%) was calculated according to Equation (5): 

Hemolysis ratio (%)=
AS − AN

AP − AN
× 100% (5) 

Tube formation assay was used to measure the capillary tube for-
mation of hydrogel. Matrigel and FBS-free DMEM were mixed 1:1. 
Approximately 50 μL of Matrigel (BD Biocoat) was covered in the wells 
in 96-well plates and incubated for 40 min. Then, 3 × 103 HUVECs were 
seeded into Matrigel-covered plates and treated with different hydrogel 
extracts. After 4 h, capillary-like structures were captured under a light 
microscope (Leica, Germany). 

Scratch assay was used to evaluate the cell migration effects of the 
different hydrogels on L929 dermal fibroblasts. L929 cells were seeded 
on the 6-well plates at a density of 5 × 105 cells/well. After the cell 
achieved confluence, a scratch was made using a pipette tip of 200 μL. 
Different low-FBS hydrogel extracts were placed in the wells and 
allowed to incubate for another 24 h. Photographs were obtained using a 
light microscope (Leica, Germany) and analyzed by Image-J. A0 is the 
area of the initial scratch, and A24 is the area after sample treatment for 
24 h. The migration ability was quantified from the images by Equation 
(6): 

Migration area rate (%)=
A0 − A24

A0
× 100% (6)  

2.10. In vivo wound healing 

All animal studies were approved by the Jinan University Animal 
Care and Use Committee (permit No. 20211216-15). A full-thickness 
wound model was established to assess the effect of HM2 hydrogel, 
HM2L5 hydrogel, and HM2L5 microgels on wound healing. Briefly, a 
round full-thickness cutaneous wound (diameter = 6 mm) was created 
on the back of the mice. Then, the mice were randomly divided into 
three groups (n = 10), which were then treated with control, HM2 
hydrogel, HM2L5 hydrogel, and HM2L5 microgels, respectively. To 
observe the wound healing process, the wound photographs were 
captured with a digital camera on days 0, 3, 7, and 11 d. The wound area 
on day 0 is marked as A0, and the wound area after hydrogel treatment 
on day t is marked as At. The wound healing rate (%) was calculated by 
Equation (7), as previously described [30]. 

Wound healing rate (%)=
A0 − At

A0
× 100% (7)  

2.11. Histological analysis and immunofluorescence staining 

On day 7 and day 11, the wound tissues with the surrounding tissues 
of the mice were dissected after euthanasia. The samples were fixed in 
10% buffered formalin (Servicebio, China), then were embedded in 
paraffin blocks, and sectioned into sequential 6 μm-thick sections. The 
sections were stained with hematoxylin-eosin (H&E) and Masson’s tri-
chrome for histological analyses. Additionally, the toxicological effects 
of HM2L5 nanocomposites on major organs (heart, liver, spleen, lung, 
and kidney) were also evaluated by the H&E staining. 

For immunofluorescence staining, the tissue sections were processed 
by deparaffinization, antigen-retrieval (citrated buffer, heat-induced), 
permeabilization (0.3% Triton PBST), and antigen blocking (goat 
serum, Solarbio, China). Moreover, sections were first incubated with 
primary antibodies against α-SMA (1:1000, Servicebio, China, 
GB13044) and CD31 (1:1000, R&D, USA, AF3628), followed by the 
incubation with secondary antibodies (IF488-Tyramide, G1226-1, 
IF555-Tyramide, G1226-2, Servicebio, China), respectively. DAPI was 
employed to visualize nuclei. Finally, photographs were captured via 
Zeiss LSM 880 and analyzed by Image-J software. The vascular matu-
ration index was assessed by calculating the total number of CD31+α- 
SMA + areas and areas positive for CD31 alone in double-stained 
(CD31/α-SMA). 

2.12. In vivo degradation evaluation 

First, a 2.5 cm incision was made on the back of each 8-week-old 
male mouse (n = 3), immediately followed by the subcutaneous im-
plantation with HM2 hydrogel, HM2L5 hydrogel and HM2L5 microgels 
(40 mg), respectively. Then, the mices were sacrificed 1 and 2 weeks 
post-surgery and implants and surrounding tissues were collected for 
histological evaluation. 

2.13. Statistical analysis 

Three independent experiments were carried out for each analysis 
unless stated otherwise. Data are presented as the means ± standard 
deviations (SD). All results were analyzed for statistical significance 
using GraphPad Prism 8 software. When the confidence interval was less 
than 5% (p < 0.05), the differences between means were considered 
significant. 
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3. Results and discussion 

3.1. Preparation and characterization of HML nanocomposites 

HM was synthesized by the direct reaction of HCS with MA in PBS 
(pH = 7.4) at 50 ◦C, as shown in Fig. S1a. This reaction introduced 
methacrylate substitution groups on the reactive amine of HCS to endow 
HCS with UV crosslinking ability. The chemical structures of HCS were 
confirmed by 1H NMR spectra and FT-IR spectra (Figs. S1b–c). HCS had 
a high degree of substitution (DS) of hydroxypropyl, which was up to 
2.27 calculated by the integral area ratio. As previously reported, HCS 
with high DS of hydroxypropyl could reduce the surface tension, indi-
rectly demonstrating its amphiphilic nature and self-assembly ability 
[31,32]. Moreover, both 1H NMR spectra and FT-IR spectra of HM (HM1, 
HM2, HM3, HM4) indicated that HM with different DSMA was success-
fully synthesized, while the signals of MA groups appeared and 
increased with the addition of methacrylic anhydride. Calculated with 
ninhydrin method, the DSMA of HM1, HM2, HM3, and HM4 to amino was 
53%, 67%, 75% and 82%, respectively. 

The HML nanocomposites, prepared by a simple mix of the aqueous 
LAP solution with different amounts of HM, were defined as HMtLx, with 
t indicating different DSMA of HM (1, 2, 3, and 4), and x denoting 
different concentrations of LAP dispersion (2, 5, 7.5, 10, and 20 mg/mL). 
Herein, HM2 was chosen as a representative to assess the influence of 
different LAP concentrations on the properties of nanocomposites and 
hydrogels. Of significance, the appearance of nanocomposites changed 
from transparent to translucent and then to opaque upon the addition of 
an increasing amount of LAP (Fig. 1a(i)). This appearance was further 
confirmed by the UV–vis absorption spectra (Fig. 1b). In addition, the 
HM2 solution showed the Tyndall effect due to its superior colloidal 
stability, while the intensity of scattered light changed with increasing 
LAP concentration in the mixtures (Fig. 1a(ii)). Consistent with this, 
HM2L5, HM2L7.5, HM2L10, and HM2L20 exhibited different degrees of 

phase separation after centrifugation, but HM2L2 did not (Fig. 1a(iii)). 
To demonstrate the formation of nanoparticles in the nano-

composite, a Nanoparticles Analyzer was utilized. As shown in Fig. 1c, 
the average hydrodynamic sizes of the dilute HML nanocomposites 
gradually decreased with an increase in LAP content. Additionally, XPS 
spectra confirmed the presence of LAP in the nanocomposites (Fig. 1d). 
The dilute HM2 solution exhibited three particle size peaks (Figs. S2a–b), 
presumably referring to free HM molecular chains (Peak 1, 3.52 ± 0.88 
nm), HM nanoparticles (Peak 2, 28.49 ± 3.98 nm), and aggregates 
formed by the nanoparticles (Peak 3, >1000 nm), respectively. Har-
nessing the spin-coating method, we prepared HM2 and HML nano-films 
on the silicon slice, as visualized by the scanning electron microscopy 
(SEM) in Fig. 1e and Fig. S3. HM2 alone exhibited uniform spherical 
nanoparticles (size around 20 nm) as a result of its hydrophobic effect 
from acetyl and glycosidic rings, as well as the hydrogen bonding from 
hydroxypropyl, amino, and hydroxyl [23], which is consistent with 
Fig. S2. After adding 2 mg/mL LAP, the size of nanoparticles increased to 
over 100 nm. With the content of LAP increased, more composite ma-
terial remained on the silicon slice, along with wrinkles caused by 
drying, but fine particles can still be seen attached to the surface. As 
expected, the diameter of the nanoparticles decreased, which is consis-
tent with the above results. The nanoparticles displayed a smaller 
diameter in the SEM images than the hydrodynamic diameters revealed 
by the Nanoparticle Analyzer, possibly due to the dilution of the reactant 
concentrations, which inhibited the formation of stable physical 
entanglement by free HM chains, as well as the agglomeration of 
nanocomposites in the latter. In parallel, the structure of HM2, LAP, and 
HM2L5 after freeze-drying was characterized by SEM and was shown in 
Fig. S3. As expected, the addition of LAP facilitated the formation of 
micropores on the nanocomposite, which is indicative of a more 
compact network with a higher degree of physical cross-linking. In 
addition, accumulated pellets were found in the cross-section of the 
nanocomposite, which confirmed the formation of nanoparticles. 

Fig. 1. Characterization of HML-based nanocomposites. a) Representative images of a series of HML nanocomposites containing different concentrations of LAP (left 
to right: 0, 2, 5, 7.5, 10, and 20 mg/mL), showing (i) as-synthesized samples, (ii) Tyndall effect, and (iii) samples after centrifugation at 4000 rad/min for 20 min. b) 
UV–vis absorption spectra and c) hydrodynamic diameters of the dilute HML nanocomposites. d) XPS spectra of representative HML nanocomposites. e) SEM images 
of HML nanocomposites after spin-coating. 
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Overall, we have successfully established HML nanocomposites. 
Next, we sought to investigate the formation mechanism of the 

aforementioned HML nanocomposites. As shown in Fig. 2a, the HM2 
solution harbored positive zeta potential values (+26.2 mV), while LAP 
itself exhibited negative zeta potential values (– 35.8 mV). The addition 
of LAP reduced the zeta potential value of the indicated nanocomposites 
in a dose-dependent manner, from +26.2 mV for HM2 to +17.4 mV, 

+14.7 mV, +8.4 mV, +6.4 mV, and +2.6 mV for HM2L2, HM2L5, 
HM2L7.5, HM2L10 and HM2L20, respectively, indicative of the formation 
of nanoparticles through electrostatic self-assembly of negative LAP 
wrapped by positively charged HM. In addition, the aggregation 
behavior of HM in an aqueous medium was determined using pyrene as 
a fluorescence probe. The critical micelle concentration (CMC) of HM2 
was 4.31 mg/mL (Fig. 2b), suggesting that HM had amphiphilicity and 

Fig. 2. Interactions between HM and LAP. a) Zeta potential of a series of HML nanocomposites containing different concentrations of LAP. b) Variation of pyrene 
polarity parameter I1/I3 with HM2 polymer concentration. c) FT-IR spectra of HML nanocomposites and their constituents. d) Atomistic molecular dynamics sim-
ulations of sepiolite and HM2 assembly. e) Simulation of hydrogen bonding interactions within HM and between HM and sepiolite. g) Schematic illustration of 
nanoparticle size evolution with increasing concentrations of LAP. 
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could self-assemble at a concentration of 40 mg/mL. In the FT-IR spectra 
(Fig. 2c), all nanocomposites displayed bands corresponding to Si–O 
stretching, Si–O–Si stretching, and Si–O bending at 999 cm− 1, 657 cm− 1, 
and 443 cm− 1, respectively, which had an obvious shift compared with 
bare LAP (1010 cm− 1, 651 cm− 1, and 460 cm− 1). Further, the C–O 
stretching bands at 1373 cm− 1, C–H bending band at 831 cm− 1, and C–N 
stretching bands at 1409 cm− 1 in the nanocomposite all exhibited blue 
shift compared with those of HM2 (1379 cm− 1, 837 cm− 1, and 1415 
cm− 1). These results suggest that LAP was introduced into the HM and 
the hydrogen bonds were formed between HM chains and LAP [33]. 
Moreover, the intensities of the rings’ stretching band at 945 cm− 1and 
C–O–C bending band at 615 cm− 1 in the nanocomposites were weak-
ened with increasing LAP concentration, possibly due to more absorp-
tion of HM2 backbones on the LAP surface. Collectively, these results 
suggest that the nanoparticles were formed by electrostatic interaction 
and hydrogen bonding between LAP and HM and confirmed the 
self-assembly ability of HM. 

Further, molecular dynamics (MD) simulations were conducted to 
investigate the underlying mechanism of HML nanoparticle formation. 
Since the structure of LAP is not available in the database, sepiolite 
(Mg4Si6O15(OH)2–6H2O), which has a similar structure to LAP, was 
chosen for the simulations and used to calculate the interactions be-
tween clay and HM. Although slight structural differences exist between 
sepiolite and LAP, using the sepiolite structure for LAP in MD simulation 
was acceptable in related studies [34]. All MD simulations were per-
formed using Forcite code and COMPASS II force field, and the 
kinetics-related parameters were calculated according to previous 
studies [34]. As shown in Fig. 2d and Video S1, a layer of clay as well as 
HM molecules consisting of 100 units were constructed. The amount of 
interaction energy (EInteraction) between sepiolite and HM was calculated 
by the simulation to be − 3823.1 kcal/mol, which indicates that HM 
molecules were attracted to the sepiolite surface. This result is consistent 

with the Zeta analysis. Meanwhile, it can be found that the HM molec-
ular chain was rapidly adsorbed to the surface of sepiolite within 200 ps, 
which proves that HM molecules can form nanoparticles with sepiolite 
rapidly. Further analysis revealed that a large number of intramolecular 
hydrogen bonds consisting of hydroxyl groups and N–H were presented 
inside HM, which further confirmed the self-assembly mechanism of 
HM, as shown in Fig. 2e. The hydroxyl and alkyl groups on HM mole-
cules can form a hydrogen bond with Si–O groups on the surface of 
sepiolite, which is consistent with the FT-IR analysis (Fig. 2f). These 
results suggest that HM can be assembled to the clay surface by elec-
trostatic interactions and hydrogen bonding, while intermolecular 
hydrogen bonding exists on HM itself to obtain a tighter polymer layer. 
Accordingly, it is not difficult to postulate that a larger nanoparticle size 
can be achieved at a lower LAP concentration since excessive HM which 
harbored a positive charge completely shields the negative charge of 
LAP. In contrast, a higher amount of LAP reduces the number of 
adsorbable HM chains, which results in smaller nanoparticles (Fig. 2g) 
[35]. 

Together, the above data suggest that LAP interacts with and is 
coated by HM through electrostatic interaction and hydrogen bonding, 
thereby constituting the interior structure of HML nanocomposites. 

3.2. Preparation and characterization of HML nanocomposites hydrogels 

The nanocomposites are in a fluid state and can be easily injected 
using a 23 G needle. After UV irradiation for 2 min, the nanocomposites 
were crosslinked into a hydrogel and lost fluidity. The nanocomposites 
were also mouldable, which could be applied to fill different kinds of 
defects. For instance, the nanocomposites can fill complex shapes and 
form hydrogels in situ (Fig. 3a). The rheological analysis further 
confirmed that the HM2 and HM2L5 nanocomposite has liquid property 
(G’<G″), while the addition of LAP improved the viscosity and modulus 

Fig. 3. Microstructural characteristics and swelling behaviors of the HML hydrogels. a) Photographs of the HM2L5 nanocomposite showing its fluidity, injectability, 
and various shapes after in situ crosslinking in moulds. b) Cryo-SEM images of different nanocomposite hydrogels. (Inset: schematic illustration of the possible fibrillar 
network). The weight-swelling dynamics of different nanocomposite hydrogels in c) PBS and d) water, with different (i) LAP concentrations and (ii) DSMA. 
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(Figs. S4a–b). These results suggest that the HM2 and HM2L5 hydrogel 
are injectable and can be utilized as in situ forming materials. Cryo-SEM 
allowed for the imaging of hydrogel microtopography by removing the 
liquid phase via sublimation, which can observe the real morphology of 
hydrogels. The internal morphology of hydrogels (HM2, HM2L2, HM2L5, 
and HM2L20) was visualized by cryo-SEM, and the results are presented 
in Fig. 3b. All hydrogels showed a high surface area and 3D porous 
nanostructure, in which pores were in the range of 0–750 nm 
(Figs. S5a–b). The HM2 hydrogel consisted of interconnected nanofibers 
with a diameter of ~30 nm. Meanwhile, the nanofibers appeared to be 
assembled from granular nanoparticles. Sizes of these nanoparticles as 
determined by cryo-SEM were larger than that of those nanoparticles 
measured by SEM; this is likely due to the contraction/collapse of 
samples during SEM sample preparation. The diameter of the nanofibers 
increased from 30 nm to 50 nm with the addition of LAP (2 mg/mL), 
while there was uniformly crosslinked and showed collagen fibril-like 
nanostructure. In HM2L5 hydrogel, the nanofibers displayed the as-
sembly of smaller granular particles, and their diameter decreased to 40 
nm. At a high concentration of the HM2L20 hydrogel, they formed large- 
area thin films with interconnected nanofibers rather than agglomerated 
granular particles. In agreement with the aforementioned nano-
composite results, nanoparticles were found to distribute in the hydro-
gels, while the size of nanoparticles and the corresponding nanofibers 
decreased or even disappeared and formed into flakes with the 
increasing LAP concentration. It is suggested that after irradiation, the 
nanoparticles in nanocomposites were crosslinked to form nanofibers 
and 3D crosslinked networks. Meanwhile, the addition of excessive LAP 
resulted in a reduction in the amount of HM on its surface, leading to a 
lamellar cross-linked network. 

Since the in situ-formed hydrogels are mainly used to fill defects for 
long-term applications, appropriate anti-swelling properties are neces-
sary to prevent excessive swelling of the hydrogel from squeezing the 
wound or breaking the hydrogel. To demonstrate the swelling dynamics 
of nanocomposite hydrogels in different solutions (PBS, DMEM, and 
H2O), the weight-swelling ratio at various times was measured (Fig. 3c, 
d and Fig. S6). In PBS, the weight-swelling ratio of all hydrogels showed 
a tendency to rise first and then reach an equilibrium, except for HM4L5 
hydrogel (Fig. 3c). The LAP concentrations and the DSMA of hydrogels 
were both negatively correlated with its equilibrium weight-swelling 
ratio (Qm). The Qm of soft and tough HM2L5 hydrogel in PBS was 
1.07, in particular. In Fig. S7, HM2 hydrogel and HM2L5 hydrogel 
immersed in PBS exhibited slight volume swelling and remained stable 
within 48 h. As previously described, hydrogels with a Qm of less than 
1.5 can be defined as anti-swelling [36]. Meanwhile, the Qm and 
swelling dynamics of hydrogels in DMEM were consistent with those in 
PBS (Fig. S6), suggesting that the hydrogels in saline solution and 
physiological environment exhibited wonderful anti-swelling ability. 
However, hydrogels placed in the water displayed a higher Qm than that 
in PBS, which can be explained by the Flory-Rehner theory that the 
swelling ratio of hydrogels decreases with an increasing salt concen-
tration in the external solution [37]. Almost all hydrogels in water 
showed an increasing Qm first and then reached equilibrium (Fig. 3d), 
which can be attributed to the competition between the polymer-water 
interaction force and the elastic retractive force [36]. Interestingly, the 
HM4L5 hydrogel with the highest DSMA displayed shrinkage in each 
solution including PBS, DMEM, and H2O. Additionally, all hydrogels 
show stability in different environments. Three possible reasons exist to 
support these findings: (i) The amphiphilicity of HM weakens the 
interaction between polymer chains and water molecules; (ii) With the 
increasing addition of LAP, the physical crosslinking density increases 
thereby limiting the extension of HM chains; (iii) The chemical 
cross-linking between/within nanoparticles increased the elastic 
retractive force of the crosslinking network, and the elastic force 
endeavored to resist the decrease of the configurational entropy caused 
by the network expansion through retracting the network chain. 

Preservation and retention of the activity of therapeutic proteins at 

delivery sites are fundamental for in vivo experiments and regenerative 
medicine [38]. Therefore, the drug delivery performance of nano-
composite hydrogels was tested for 7 d using BSA as a representative 
loaded biomolecule (Fig. S8). All hydrogels showed initial fast release in 
2 h and then reached an equilibrium state after 48 h, which remained 
constant during the rest of the incubation period. Compared with HM2 
hydrogel, BSA release from the nanocomposite hydrogels was slower. 
After 7 days, the ratios of released BSA from HM2L2 hydrogel, HM2L5 
hydrogel, HM2L7.5 hydrogel, HM2L10 hydrogel, and HM2L20 hydrogel 
were 89.7%, 72.8%, 78.3%, 68%, and 16.2%, respectively. It is reported 
that LAP could promote the retention of BSA in a dose-dependent 
manner [38,39], we then inferred that the BSA adsorption to the LAP 
surface enhanced the retention of BSA inside the hydrogel. Interestingly, 
although an increase in DSMA enhanced the crosslinking density in the 
nanocomposite hydrogels, it led to faster release of BSA and decreased 
retention times, likely due to the volume shrinkage of the hydrogels. 

Taken together, it is of significance that the nanocomposite hydro-
gels possess excellent anti-swelling properties and drug retention ability, 
making them promising scaffolds for a variety of tissue engineering 
applications. 

3.3. Mechanical properties of the nanocomposite hydrogels 

The mechanical properties of hydrogels are critical in tissue engi-
neering and regenerative medicine applications. Thus, a series of me-
chanical tests were performed for the newly developed hydrogels. Of 
note, all hydrogels with different LAP concentrations displayed high 
ductility (>65%), as measured by confined compression tests (Fig. 4a 
and Fig. S9a). Next, the compression modulus and compressive strength 
of hydrogels were calculated based on the stress-strain curve. As shown 
in Fig. 4b and Fig. S9b, the compressive modulus of nanocomposite 
hydrogels increased with the increase of both LAP concentration and 
chemical cross-linking degree (DSMA, UV irradiation time), which 
ranged between 3.5 and 40 kPa. The compressive modulus of hydrogels 
depends on their configurational degrees of freedom of the polymer 
chain [40]. The increased LAP content and chemical cross-linking 
restrict the freedom of HM chains to varying degrees, further causing 
an enhancement of the compression modulus. Moreover, appropriate 
crosslinking could elevate the compression strength, while an exces-
sively high crosslinking density on the other hand could result in a stiffer 
and more brittle network [41] (Fig. 4c and Fig. S9c). Among these 
hydrogels, soft and tough HM2L5 hydrogel exhibited the optimal char-
acteristics, which could be efficiently prepared (2 min), sustained large 
strain (76%), and showed low compressive modulus (7.3 kPa) and the 
highest compressive strength (709.9 kPa). 

The optimal hydrogels were subsequently subjected to another 
loading-unloading cycle test, which indicates energy dissipation during 
compression. We observed that the HM2L5 hydrogel exhibited dramatic 
hysteresis loops at different maximum strains (60%, 65%, 70%), indi-
cating that this cross-linked network provided effective energy dissipa-
tion capability for the hydrogels [10] (Fig. S9d). With the maximum 
strain increasing from 60% to 65% and 70%, the dissipated energy per 
unit volume of hydrogels were 3.04, 5.13, and 10.58 kJ m− 3 in the first 
cycle, respectively, suggesting that the larger cross-linking networks 
were destroyed to dissipate energy at the higher strains (Fig. S9e). 
However, the dissipation energy was decreased in the subsequent cycles, 
which is due to the breakage of the irreversible chemical bond. Inter-
estingly, the HM2L5 hydrogel can recover to its original height after five 
cycles, showing 90.01%, 87.50%, and 73.00% reversible stress retention 
at 60%, 65%, and 70% strain, respectively, confirming excellent fatigue 
resistance (Figs. S9d and f). It is noted that HM2L5 hydrogel showed high 
toughness and flexibility, which could be folded and knotted, and even 
swung back and forth (Fig. 4d and Video S2). To investigate the effect of 
LAP on the mechanical properties of hydrogels, the rheological behav-
iors of HM2 hydrogel and HM2L5 hydrogel were further evaluated 
(Fig. 4e and Fig. S10). Both samples here presented the typical 
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viscoelastic behavior of hydrogel phases (G’ > G″) and slight 
frequency-dependent moduli, while the G′, G″, and the yield stress of 
HM2L5 hydrogel were higher than HM2 hydrogel. It indicates that there 
were some reversible bonds in the hydrogels, and the addition of LAP 
greatly improved the mechanical properties of the hydrogels. Moreover, 
the G’ of HM2 hydrogel and HM2L5 hydrogel were only 1.04 kPa and 
1.83 kPa, respectively, confirming their softness. 

Based on the above results, the soft and tough properties of HM2L5 
hydrogel could be attributed to the multiple mechanical energy dissi-
pation mechanisms in the nanofibrillar network, including the entropic 
springs behavior of HM chains, reversible physical crosslinking between 
HM and LAP, and irreversible chemical crosslinking (Fig. 4g). As the 
hydrogel deforms, the HM chains shift from coiled coils to a taut state, 
while the physical HM-LAP crosslinking is disrupted to dissipate energy, 
and when the stress is further increased, some of the chemical cross-
linking between the HMs is disrupted to dissipate energy. Owing to the 
multiple mechanical energy dissipation mechanisms, the mechanical 
stability of HM2L5 hydrogel was higher than that of most previously 

developed injectable, soft, natural polymer-derived hydrogels (Fig. 4f). 
Thus, these results demonstrated the low modulus, excellent compres-
sive strength, and fatigue resistance of HM2L5 hydrogel, which are 
highly desirable mechanical properties for soft tissue regeneration. 

3.4. 3D printing performance of the nanocomposite microgels 

Since 3D printing can be designed to create personalized materials 
for different tissues and needs, it has attracted considerable attention in 
the biomedical field, such as personalized wound dressings [50,51]. 
However, HM2L5 hydrogel lacks printability and potential for advanced 
biofabrication. Recently, microgels have been used in 3D printing to 
achieve complex custom shapes [52,53]. Therefore, the nanocomposite 
microgels were prepared (Fig. 5a). The nanocomposite microgels were 
fabricated by pre-crosslinking for 0–60 s and sieving twice, according to 
the injectability analysis of microgels with different treatments 
(Fig. S11a). The obtained microgels were opaque, microporous, and 
mouldable (Fig. S11b). By the photo-crosslinking ability of 

Fig. 4. Mechanical characterization of the nanocomposite hydrogels. a) Representative compressive stress-strain curves of the HM2 hydrogels reinforced with various 
concentrations of LAP. b) Compressive modulus and c) compressive strength of different hydrogels fabricated by different concentrations of LAP (Lx, x = 0, 2, 5, 7.5, 
10, and 20 mg/mL) and HM of different DSMA (HM1, HM2, HM3, and HM4). d) Representative images of the HM2L5 hydrogel showing its high flexibility. e) Frequency 
sweeps rheological measurements of HM2 hydrogel and HM2L5 hydrogel. f) Compressive strength versus storage modulus chart comparing the mechanical per-
formance of HM2L5 hydrogel developed in this work and injectable, soft, and natural polymer-derived hydrogels reported previously [9,10,14,42–49]. g) Schematic 
illustration of the possible energy dissipation mechanism of HM2L5 hydrogel. 
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nanoparticles and microgels, the HM2L5 microgels could be handled and 
manipulated with forceps after secondary crosslinking (Fig. S11c). In 
Fig. 5b–d, the greater the degree of pre-crosslinking, the higher the 
shape fidelity of the resulting microgels, but the lower the mechanical 
strength of the final hydrogel. Thus, the UV irradiation of 50 s and two 
rounds of sieving was chosen as the condition for the preparation of the 
microgels. Of note, the mechanical strength of these microporous 
hydrogels was reduced when compared to the HM2L5 hydrogel. This can 
be explained by the fact that the two rounds of sieving break part of the 

crosslinking network of the hydrogel. Nevertheless, the 3D printed 
hydrogel fabricated by these conditions maintained good compressive 
strength (207.8 kPa, Fig. 5d). As shown in Fig. 5e, different from HM2L5 
hydrogel, HM2L5 microgels presented micron-scale localized porous 
structure, which indicates the formation of micropores within the 
hydrogels. 

The rheological properties of HM2L5 microgels were investigated. As 
shown in Fig. 5f, the HM2L5 microgels showed a typical shear thinning 
behavior, which was previously demonstrated to be critical for 3D 

Fig. 5. Preparation of microgels and their application in 3D printing. a) Schematic illustration of microgel preparation and subsequent 3D printing. b) Representative 
images (scale bar = 0.5 cm) and c) quantitative analysis of printability of microgels prepared with different pre-crosslinking time. d) Compressive strength of 
hydrogels made from microgels prepared with different pre-crosslinking time (40 s, 50 s, 60 s) and the 3D printed hydrogel made from microgels (50 s), while 
keeping the total crosslinking time 2 min. e) Cryo-SEM images of HM2L5 hydrogel and HM2L5 microgels. f) Shear rate sweeps and g) amplitude sweeps of HM2L5 
microgels. h) Frequency sweeps of HM2L5 microgel. i) Step strain sweeps of the HM2L5 microgels (1 Hz, 1%, and 500% strain). Each strain interval was kept as 300 s. 
j) Ear-shaped and k) nose-shaped constructs 3D printed from the HM2L5 microgel. Scale bar = 1 cm. 
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printing. The yield stress of the HM2L5 microgels was 272 Pa, leading to 
high shape fidelity (Fig. 5g). Frequency sweep results showed that the 
HM2L5 microgels had frequency-dependent moduli and gel-like 
behavior within the entire frequency range, attributed to the physical 
network based on hydrogen bonding (Fig. 5h). Moreover, the shear re-
covery behavior of HM2L5 microgels was investigated by imposing 
alternating high and low shear strain cycles (Fig. 5i). The results showed 
that the HM2L5 microgels demonstrated a high shear recovery rate of 
80.4% after four cycles. This excellent recoverability renders HM2L5 

microgels a promising candidate for high-resolution 3D printing 
applications. 

Next, we sought to explore the potential of microgels to fabricate 
large complex 3D constructs. As expected, we were able to print several 
biologically relevant structures including the ear and nose with the 
above microgels (Fig. 5j and k). A human ear of 30 × 24 × 20 mm and a 
nose of 30 × 26 × 6.5 mm were printed, implying the potential of these 
microgels to create macro-sized scaffolds. These printed structures were 
stable enough, even after stacking 52 layers along the z-direction. These 

Fig. 6. Viability of hMSCs cultured in a) HM2, b) LAP, and c) HM2L5 nanocomposite solutions at different concentrations for 24 h and 72 h (n = 6, mean ± SD). d) In 
vitro hemolytic activity of HM2, LAP, and HM2L5 nanocomposite. (Inset: representative images from hemolytic activity assay of the sample and controls) (n = 6, mean 
± SD). Viability of e) L929 cells and f) HUVECs after co-culturing with different hydrogels for 1, 3, and 5 d. g) Representative images of L929 cells before (0 h) and 
after culturing them in a hydrogel-conditioned medium for 24 h. h) The migration area rate after 24 h of culture in hydrogel-conditioned medium. i) Representative 
images showing the effects of different hydrogels on the tube formation by HUVECs. j) Number of tubes formed by HUVECs after different treatments. ***p < 0.01, 
**p < 0.01, *p < 0.05 (one-way ANOVA). 
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results indicate that the HM2L5 hydrogel can form 3D printable ink ac-
cording to the processing strategy, which has high shape fidelity and can 
be applied for constructing large complex structures, indicating its po-
tential in the application of personalized tissue engineering. To further 
explore the potentials of the HM2L5 microgels obtained by this pro-
cessing strategy, its biological properties were examined in follow-up 
experiments. 

3.5. In vitro biocompatibility and biological efficiency of the 
nanocomposite hydrogels 

Next, we sought to explore the biological properties of the above 
hydrogels. Since in situ formed hydrogels first contact cell/defect site as 
a precursor solution, then the biocompatibility of precursors was firstly 
evaluated. The cytotoxicity of HM2 solution (0.1–10 mg/mL), LAP so-
lution (0.001–5.0 mg/mL), and HM2L5 solution (0.1125–11.25 mg/mL) 
was examined using human bone marrow mesenchymal stem cells 
(hMSCs). Notably, hMSCs cultured in 0.1–5 mg/mL HM2 demonstrated 
high cell viability (Fig. 6a). Similar to the previous reports [54,55], 
promotingcell proliferation was found upon the treatment with LAP at 
relative low concentrations (0.001–0.01 mg/mL) in 3 d, whereas, a 
higher concentration of LAP (more than 0.05 mg/mL) resulted in a 
significant suppression of hMSCs viability (Fig. 6b). The toxicity at a 
higher dose of LAP can be explained by the LAP internalization which 
might restrict the celluar functionality and/or the formation of aggre-
gates with the media proteins that are toxic to the cells [54]. Interest-
ingly, the HM2L5 nanocomposite (total concentration of 0.1125–2.25 
mg/mL) showed no cytotoxicity on the hMSCs viability, presumably, it 
can counteract the cytotoxicity of pure LAP at the same concentrations 
(Fig. 6c). Together, we speculate that the nanoparticles, formed by LAP 
coating with HM2, had higher biocompatibility than LAP alone, possibly 
as a result of an increase in the nanoparticle size and hence decreased 
internalization by the cells. 

Furthermore, the hemocompatibility assessment revealed that the 
HM2 and HM2L5 displayed excellent blood biocompatibility with he-
molysis values lower than 5%, while the LAP group showed high he-
molysis ratio, an issue not sufficiently addressed in previous studies 
(Fig. 6d). 

Additionally, the biocompatibility of HM2 hydrogel and HM2L5 
hydrogel were determined by CCK-8 assay and lived/dead staining 
(Fig. 6e,f, and Fig. S12). All treatments showed no significant effect on 
the cell viability of L929, HEVECs, and hMSCs. Furthermore, the po-
tential toxicity of the HM2L5 hydrogel was evaluated in vivo. Compared 
with the control, the organs (heart, liver, spleen, lung, and kidney) of the 
mice treated with HM2L5 hydrogel showed no obvious changes 
(Fig. S13). The results collectively suggest that the nanocomposites 
before or after photo-crosslinking display good biocompatibility and are 
safety for tissue engineering applications. 

During the process of skin wound healing, cell migration is an 
important part of wound contraction and later healing. Scratch assay 
was used to evaluate the effects of different nanocomposites on L929 
dermal fibroblasts in vitro (Fig. 6g and h). Of note, the HM2L5 hydrogel 
and HM2L5 microgel groups showed a faster cell migration than that of 
the control (LAP untreated) group. In addition, the HM2L5 hydrogel and 
HM2L5 microgel groups were found to significantly increase the amount 
of capillary tube formation in HUVECs after 4 h (Fig. 6i and j). These 
findings are supported by a recent report that magnesium and silicon 
ions released from the LAP promote cell migration [56,57]. 

3.6. The application of HM2L5 hydrogel for promoting wound healing 

The degradation properties of hydrogels both in vitro and in vivo are 
critical for biomaterials and tissue engineering. Herein, we found that all 
hydrogel exhibited degradable characteristics in the lysozyme solution 
(Fig. S14). Of note, LAP addition could delay the degradation of 
hydrogel, while the introduction of micropores compromised the 

delayed effects. Nevertheless, due to the more complex environment in 
the body, all hydrogels degraded completely within 7 d after subcu-
taneous implantation (Fig. 7a). Additionaly, we observed that the 
hydrogel treatment caused a minor immune response (neutrophil infil-
tration) at 7 d but the response was resolved at day 14 as essessed by the 
H&E staining (Fig. S15), indicating a favorable outcome in biodegrad-
ability and inflammatory response during tissue healing. 

Skin is an extremely important soft tissue, and its repair has attracted 
numerous concerns. From the above results, it is clear that HM2L5 
hydrogel and microgels have excellent biocompatible, injectability, low 
stiffness, sufficient mechanical strength, drug delivery, and anti- 
swelling properties, which rendered them great potential for promot-
ing wound healing. Compared to the existing commercial wound 
dressings, HM2L5 hydrogel and microgels can be filled into the irregular 
shape of wounds, and/or personalized with different shapes, pore 
structures, and even with pro-healing agents. Additionally, increasing 
evidence has suggested that HCS and LAP, either alone or in combina-
tion with other factors, exhibit excellent ability to promote wound 
healing [24,58]. However, the effect of HM2L5 hydrogel on wound tissue 
regeneration has yet to be studied. Therefore, a full-thickness skin defect 
model was established as previously described [59]. Of note, treatment 
with HM2L5 microgels and HM2L5 hydrogel remarkably accelerated the 
wound closure by day 3 and continued in the following days when 
compared to the control and HM2 hydrogel (Fig. 7b and c). Simulta-
neously, more new granulation tissue appeared in the HM2L5 hydrogel 
and HM2L5 microgels group on day 7 (Fig. S16). The H&E staining on 
day 11 revealed that the wound of the HM2L5 hydrogel and HM2L5 
microgels group were completely healed, with a strong connection be-
tween the epidermis and dermis (Fig. 7d). In contrast, a large ulcer and 
granulation tissue infiltrated by inflammatory cells remained in the 
control and HM2 hydrogel group. Similar results were confirmed by 
Masson staining, in which the HM2L5 hydrogel and HM2L5 microgels 
group displayed the highest density of collagen and substantial amounts 
of neovascularization, compared to the other two groups (Fig. 7d). To 
further determine the maturation of neovascularization, the 11-day 
samples were subjected to immunofluorescence staining using anti-
bodies against CD31 and α-SMA, which are two important markers for 
vascular endothelial cells and pericytes, respectively. As expected, more 
mature vessels as labeled by the CD31 (red) and α-SMA (green) were 
found in the HM2L5 hydrogel and HM2L5 microgels group compared to 
the control group (Fig. 7e, Fig. S17). All these results suggest that the 
pro-healing effect of the hydrogel was better after the addition of LAP, 
highlighting the importance role of LAP in amplifying the hydrogel’s 
pro-healing properties. Collectively, our data highlight the promising 
role of the biomimetic nanofibrillar hydrogels and soft hydrogels in 
promoting wound healing by facilitating the fibroblasts’ migration and 
the angiogenesis (Fig. 7f). These results also indicate that the microgel 
processing would not damage the original wound healing ability of the 
HM2L5 hydrogel, rather, they exhibit great potential in personalized 
wound dressings. 

4. Conclusion 

In summary, by crosslinking self-assembled HML nanoparticles, we 
have developed a collagen fibril-like injectable hydrogel with low 
stiffness, high compressive strength, anti-swelling properties, sustained 
drug release ability, and biodegradability. To fabricate this novel 
hydrogel, HM and LAP first self-assembled, by electrostatic and 
hydrogen bonding action, into nanoparticles, which further bonded with 
each other by photo-crosslinking to form the collagen fibril-like 
network. This network consisted of highly entangled HM molecular 
chains, reversible physical polymer-clay cross-links, and robust chemi-
cal cross-links, thus allowing efficient stress dissipation across the 
network within a soft and flexible hydrogel. Due to the synergistic ef-
fects of the restricted molecular chain movement caused by self- 
assembly and the amphipathicity of HM, the nanocomposite hydrogels 
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exhibited remarkable anti-swelling behavior in different solvents. 
Additionally, the nanocomposite hydrogels could be processed into 3D 
printable microgels with high shape fidelity, making them promising 
bioinks for large-size and complex constructs. Furthermore, the HM2L5 
hydrogel and microgels demonstrate high biocompatibility in vitro, as 
well as excellent wound healing ability and biodegradability in vivo. 
These results collectively demonstrated the promising potential of these 

novel biomimetic hydrogels in various tissue engineering applications 
such as wound dressing. This work provides a versatile strategy for the 
development of biomimetic nanofibrillar soft hydrogels for long-term 
biomedical applications. 

Fig. 7. a) Representative images of the subcutaneously implanted hydrogels on 0 d, 7 d, and 14 d (n = 3). b) Representative images of the temporal development of 
healing wounds from day 0 to day 11 with the use of different hydrogels. c) Quantification of wound healing rate at different healing times. d) Histological evaluation 
of the wound section on the 11th day for each group by the H&E and Masson staining. The black arrows point to appendages, hair follicles, and sebaceous glands, and 
the red arrows define blood vessels. (n = 5) e) Representative immunofluorescence staining images of the wound section on the 11th day for each group. f) Schematic 
illustration of the wound healing process with and without hydrogel treatment. Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA). 
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