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Abstract 

Collagen, known for its excellent biocompatibility and biological properties, has limited in vivo maintenance dura-
tion after implantation, while hyaluronic acid faces challenges such as various complications and insufficient support 
for cell proliferation. In this study, an injectable hyaluronic acid/collagen (HCol) hydrogel was developed to achieve 
enhanced cell-material interactions and accelerated skin regeneration. Physical and chemical characterizations 
demonstrated that the HCol hydrogel was injectable and stable after the implantation. In vitro cell culture results 
illustrated that the hydrogel promoted the proliferation of human dermal fibroblasts, extracellular matrix expression 
and angiogenesis. The subcutaneous implantation in rats showed the superior biocompatibility of HCol hydrogel 
and enhanced secretion and deposition of extracellular matrix, compared with commercial hyaluronic acid dermal 
filler. MRI analysis showed that the hydrogel stably remained in vivo for at least three months. The histological exami-
nation and SHG signals further demonstrated that the hydrogel modulated fibroblast phenotype and stimulated 
vascular ingrowth and collagen synthesis, without inducing significant inflammation, swelling or erythema in vivo.
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1  Introduction
In recent years, progress in understanding the mecha-
nisms of facial aging has driven the development of mini-
mally invasive surgery in the field of facial rejuvenation 
[1]. Dermal fillers can be used in simple and short proce-
dures for surgery and rapid facial rejuvenation, leading to 
an increasing focus on using fillers to expand tissues and 
improve skin aesthetics [2]. An ideal dermal filler should 
be safe, affordable, hypoallergenic, easy to store and dis-
tribute, provide quick and painless injections, require 
no allergy testing, have minimal risk of complications, 
and offer natural, long-lasting, consistent, predictable 
results that can be easily removed if needed [3]. Though 
no filler currently meets all these criteria, the market is 
expanding with new technologies and products. Current 
dermal filler products can be classified into two catalogs 
according to their biodegradability in  vivo, that is non-
biodegradable and biodegradable. Non-biodegradable 
fillers have long-lasting effects (5 years to more perma-
nent), such as liquid silicone and PMMA (poly-methyl 
methacrylate) [4, 5]. On the contrary, biodegradable fill-
ers have temporary effects (3 to 24 months) and require 
regular injections, such as PLLA (poly-L-lactic acid) and 
CaHA (calcium hydroxyapatite) (long-lasting, 15–24 
months), as well as collagen and HA (medium-lasting, 
3–12 months) [4–6].

Collagen plays a critical role in maintaining the struc-
ture and integrity of skin, as well as combating the effects 
of aging. Comprising 85–90% of the skin’s dry weight, 
collagen is essential for maintaining skin elasticity [7, 
8]. However, the aging process leads to various changes 
in the skin, including rough texture, wrinkles, spots, 
and atrophy, resulting in the loss of tissue integrity [9–
11]. The biosynthesis ability of collagen in fibroblasts 

diminishes over time, causing the destruction and col-
lapse of the extracellular matrix, and contributing to skin 
aging [12, 13]. The implantation of collagen was consid-
ered one of the effective strategies to improve extracellu-
lar matrix conditions and postpone skin aging.

Hyaluronic acid (HA) is the most abundant glycosami-
noglycan found in the dermis. It is present in the extra-
cellular matrix of the skin, ocular vitreous body, and 
articular cartilage [14]. HA is highly hygroscopic, capa-
ble of binding water up to 1000 times its weight. This 
property enables HA to contribute to tissue hydration, 
volume, and structural support [15]. As an important 
component of the extracellular matrix, HA’s exceptional 
water retention capacity and biodegradability allow 
for its use in cosmetics, drug delivery systems and skin 
defect repair [16–18]. HA-based hydrogels have become 
the most commonly used soft-tissue fillers for facial reju-
venation [16]. However, HA fillers may trigger allergic 
reactions due to the presence of hyaluronan-related pro-
teins and BDDE (1, 4-butanediol diglycidyl ether) [2, 19], 
including vascular occlusion, inflammation, erythema, 
oedema, itching, and pain [1, 2]. New research indicated 
that increased polysaccharide modifications reduce the 
biocompatibility of HA-based materials [19, 20]. Overall, 
the development of dermal fillers continues to progress, 
with collagen and hyaluronic acid playing pivotal roles in 
maintaining facial rejuvenation.

This study focused on an injectable hydrogel composed 
of hyaluronic acid and type I collagen (HCol), specifically 
engineered to provide physical support and enhance tis-
sue regeneration. The hydrogel was synthesized using 
moderate chemical crosslinking and analyzed their safety 
and efficacy both in vitro and in vivo. The HCol hydro-
gel was prepared with optimized parameters, and the 
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physicochemical properties were characterized. In addi-
tion, the cell behaviors in HCol hydrogel were studied 
and the in vivo stability and promotion of skin regenera-
tion were investigated using a rat subcutaneous implant 
model.

2 � Materials and methods
2.1 � Materials
Type I collagen was extracted and purified from newborn 
calfskin in our laboratory. Sodium hyaluronate (HA, 200–
400 kDa) was purchased from Bloomage Biotech (Jinan, 
China). Acetic acid (HAC), sodium hydroxide (NaOH) 
and sodium periodate (NaIO4) were purchased from 
Kelong Reagent Company (Chengdu, China). Human 
skin fibroblast cell (HSF) was purchased from Saibai-
kang Biotechnology Co., Ltd (Shanghai, China). Dul-
becco’s Modified Eagle Medium (DMEM, high glucose) 
was purchased from Servicebio (Wuhan, China). Fetal 
bovine serum (FBS, Gibco, Australia origin) was bought 
from Thermo Fisher Scientific Corporation (USA). 
Sigma-Aldrich (USA) provided the following chemicals: 
rhodamine-phalloidin, propidium iodide (PI), fluores-
cein diacetate (FDA), and 4′6-diamidino-2-phenylindole 
(DAPI). Cross-linked Sodium Hyaluronate Gel for injec-
tion (CHA) (Matrifill®, Approval No. 20,173,130,810) was 
purchased from Qisheng Biological Preparation Co., Ltd, 
Shanghai. All compounds were utilized as received with-
out any additional processing unless otherwise indicated.

2.2 � Preparation and characterization of HCol hydrogels
2.2.1 � Modification of hyaluronic acid
Modification of sodium hyaluronate with sodium meta 
periodate as previously reported [21]. Briefly, a 1% (wt) 
sodium hyaluronate solution was prepared by dissolv-
ing 1.5 g sodium hyaluronate in 150 mL deionized water. 
Then, 1.86 mL of 0.5 M sodium metaperiodate was added 
dropwise to the solution. After reacting in the dark for 
24 h, the reaction was terminated by adding 5 times the 
volume of ethylene glycol. The reaction mixture was then 
placed in a dialysis bag with a molecular weight cutoff of 
8000–14,000 Da and dialyzed against deionized water 
for 3 days, and the water was changed three times a day. 
After the dialysis, the product was freeze-dried to obtain 
the oxidated hyaluronic acid derivative (OHA), which 
was stored at 4 ℃ before further study. The oxidation 
degree of OHA was characterized by the hydroxylamine 
hydrochloride method [22].

2.2.2 � Fabrication of HCol hydrogels
Pepsin was used to extract type I collagen (Col I) from 
calfskin, and it was then stored at a concentration of 
25 mg/mL in 0.5 M acetic acid (HAC). During the prepa-
ration, the collagen was chemically sterilized under the 

sterility process control protocol. A 5 M sodium hydrox-
ide (NaOH) solution was added to the collagen solution 
while it was submerged in an ice bath to bring its pH up 
to 7.2–7.4. The following procedures were manipulated 
under aseptic conditions to get sterile gels.

To obtain sterile OHA, the OHA was soaked in 75% 
ethanol for 24 h, rinsed three times with deionized water, 
and then dissolved and freeze-dried. According to the 
ratio in Table 1, a certain amount of OHA was dissolved 
in PBS solution. The OHA solution was then injected into 
a neutral 25 mg/ml Col I solution under ice bath condi-
tions and the pH was further adjusted to neutral follow-
ing thorough mixing. Finally, the mixture was injected 
into a mold (d: 8 mm, h: 2 mm) and self-assembled at 37 
℃ for 30 min, resulting in HCol hydrogels with different 
collagen concentrations. The fluorescence spectropho-
tometry method based on o-phthalaldehyde (OPA) was 
used to test the reduction of -NH2 which reflected the 
degree of cross-linking [23, 24].

2.2.3 � Fourier transform infrared spectroscopy identification
Attenuated total reflectance-Fourier transform infrared 
(ATR-FTIR) spectra of the lyophilized HA, OHA, Col20, 
and HCol20 hydrogel were recorded using Nicolet iS50 
(Thermo Fisher, USA) in the range of 4000–400  cm−1. 
Each spectrum was taken as the average of 16 scans at a 
resolution of 4 cm−1.

2.2.4 � Morphology observation
To study its microstructure, HCol hydrogels were pre-
pared as samples for scanning electron microscopy (SEM, 
HITACHI S-800, Japan) examination by being frozen in 
fluid nitrogen. The cross-segments of the samples were 
produced and then sputter-covered with a gold layer.

2.2.5 � Swelling measurement
Lyophilized hydrogels in three copies were immersed in 
PBS solution at different periods to attain equilibrium for 
the swelling investigations, the gels subsequently were 
weighed attentively following the removal of the solution 
on the surface. The equilibrium swelling ratio was given 
by (Ws-Wd)/Wd, where Ws and Wd stand for the weights 
of the swollen gel and the dried gel, respectively.

Table 1  Compositions of the HCol hydrogels

Hydrogel name OHA (ml, 
2.87%)

PBS (ml, 
PH = 7.4)

Col I (ml, 2.5%)

Col20 0 0.4 1.6

HCol10 0.4 0.8 0.8

HCol20 0.4 0 1.6
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2.2.6 � Dynamic rheological measurement
Dynamic rheological measurements were performed 
on a Rotational Rheometer (MCR302, Anton Paar, Ger-
many) using a parallel plate geometry (25 mm diameter). 
The gap between the plates was set at 1 mm in all tests. 
The strain amplitude sweep mode was applied for HCol 
hydrogels with a fixed frequency of 10  rad/s and the 
strain range was from 0.1–1000%. The frequency sweeps 
for the hydrogels were conducted within the linear vis-
coelastic region using a constant strain of 1% at 25 ℃ 
and the frequency range was from 1 to 100 rad/s. Elastic 
modulus (G’) and viscous modulus (G”) were recorded as 
a function of frequency.

2.3 � In vitro cell culture
2.3.1 � Culture of HSF
1% antibiotic/antimycotic (HyClone, USA), 15% fetal 
bovine serum (FBS), and 1% sodium pyruvate solution 
(Gibco, Thermo Fisher, USA) were added to DMEM for 
the cultivation of HSFs. Cells were cultivated at 37 oC 
in a humidified environment with 5% CO2. Adherent 
cells were harvested and passaged after they reached an 
80–90% density.

2.3.2 � Cell viability, proliferation and morphology
Following the preparation of OHA/Col I and pH neutral-
ity, the mixture was evenly injected into a 48-well plate 
(Servicebio, Wuhan, China) to cover the bottom of each 
well (0.15 mL per well, h = 2 mm), and incubated at 37 ℃ 
for 30 min to form hydrogels. Healthy HSFs were seeded 
on the surface of the hydrogel in 500 µL culture medium 
at a density of 2 × 104 cells/mL and cultured under identi-
cal conditions with a change of medium every two days. 
Propidium iodide (PI) and fluorescein diacetate (FDA) 
were employed to test the vitality of HSFs after cultur-
ing for 1, 3 and 7 days. In short, the samples underwent 
three PBS rinses and were submerged in a PBS solution 
that contained 5  µg/mL of FDA and 5  µg/mL of PI for 
3–5  min. The samples were then observed using a con-
focal laser scanning microscope (CLSM, ZEISSLSM 880, 
Germany). Concurrently, following the manufacturer’s 
instructions, cell counting KIT-8 (CCK-8) was used to 
assess cell proliferation at the same time intervals. After 
the cells/hydrogel constructs were obtained, they were 
brooded for 2  h at 37 oC and 5% CO2 in a 10% (v/v) 
CCK-8 solution. A fresh 96-well plate was filled with 
100 µL of the supernatant, which was then measured 
at 450  nm using a microplate reader (Varioskan Flash, 
Thermo Flasher Scientific, USA).

Using F-actin fluorescence labeling and SEM, the mor-
phology of cells in samples was analyzed at the specified 
time. Samples were cleaned with PBS, set in 4% (w/v) 

paraformaldehyde for 30  min at 25 oC, penetrated with 
0.5% (v/v) TritonX-100 (Sigma-Aldrich, USA) for 5 min, 
and afterwards cleaned with PBS multiple times to per-
form F-actin fluorescence staining. Next, these samples 
were stained at 25 oC for 1  h in rhodamine-phalloidin 
solution (5  µg/mL, Sigma-Aldrich) and for 5  min using 
DAPI (10 µg/mL, Sigma-Aldrich). The models were then 
cleaned with PBS and observed using the CLSM. For 
SEM observation, the cells/hydrogel constructs were 
immersed in 4% (w/v) paraformaldehyde for 24  h as 
described above. After that, samples were gradually dehy-
drated for 20 min at a time, with the percentage of etha-
nol improving to 30%, 50%, 70%, 90%, and 100% (v/v). 
After being dried using a critical point dryer (LeicaEM 
CPD300, Germany), the samples were covered with gold 
in an ion sputter and finally observed by SEM.

2.3.3 � Gene expression determined by real‑time quantitative 
PCR (RT‑qPCR)

Healthy HSFs were seeded on the surface of the hydro-
gel at a density of 2 × 105 cells/mL. After being cul-
tured in vitro for 7 and 14 days, type I, IV collagen (Col 
I, Col IV), vascular endothelial growth factor (VEGF), 
basic fibroblast growth factor (bFGF), and transform-
ing growth factor beta (TGFβ1) expressions were exam-
ined using RT-qPCR. Total RNA was extracted using 
TRIzol (TRI Reagent, Thermo Fisher, USA). Using the 
Revert Aid RT Reverse Transcription kit (Accurqte Biol-
ogy, Hunan), total RNA (1  µg) was reverse transcribed 
to provide cDNA template for PCR amplification. Syn-
thetic primers (Table 2) for RT-qPCR analysis were made 
by Qingke Biology (Chengdu, China). The instruction 
manual’s suggested course of action was followed when 
using thermal cycling. RT-qPCR was carried out using 
2×EasyTaq® PCR SuperMix (TransGen Biotech, Bei-
jing, China) and the CFX96TM real-time PCR detection 
equipment (Bio-Rad, USA). The 2-CT approach was used 

Table 2  Primer sequences for the RT-qPCR analysis

Gene Primer sequences

GAPDH Forward: 5’-GCC​AAG​GCT​GTG​GGC​AAG​GT-3’
Reverse: 5’-AGG​TGG​AGG​AGT​GGG​TGT​CG-3’

Col I Forward: 5’-GAG​AGC​ATG​ACC​GAT​GGA​TT-3’
Reverse: 5’-CCT​TCT​TGA​GGT​TGC​CAG​TC-3’

Col IV Forward: 5’-AGG​TGT​CAT​TGG​GTT​TCC​TG-3’
Reverse: 5’-GGT​CCT​CTT​GTC​CCT​TTT​GTT-3’

VEGF Forward: 5’-GGC​TCT​GAA​ACC​ATG​AAC​TTTCT-3’
Reverse: 5’-GCA​GTA​GCT​GCG​CTG​GTA​GAC-3’

bFGF Forward: 5’-TTT​TCA​GTC​TTC​GCC​AGG​TCA-3’
Reverse: 5’-TTC​GGC​AAC​AGC​ACA​CAA​ATC-3’

TGFβ1 Forward: 5’-GAG​AAG​AAC​TGC​TGC​GTG​CGG-3’
Reverse: 5’-GCG​TGT​CCA​GGC​TCC​AAA​TGT-3’
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to determine each targeted gene’s level of gene expres-
sion. To provide an internal control for measurement, the 
target gene’s mRNA expression levels were standardized 
to the housekeeping gene GAPDH.

2.4 � In vivo evaluation of HCol hydrogels
2.4.1 � Surgical procedure
The Experimental Animals Ethics Committee at Sichuan 
University accepted the animal study (No. K2023011). 
For the in  vivo study, 45 male SD rats (Chengdu Dossy 
Experimental Animals Co., Ltd.) weighing 200–250  g at 
8 weeks of age were utilized. Before the surgery, all of 
the rats were kept in an animal laboratory setting with 
a 12-hour light/dark cycle, 22–24 oC, and 50% humid-
ity for 7 days. Cross-linked Sodium Hyaluronate Gel for 
injection (CHA) was deemed as the control group. The 
rats were randomly assigned into five groups (i.e., blank, 
Col20, HCol10, HCol20 and CHA groups).

Animals were anaesthetized with 4% isoflurane 
(Friends Honesty Scientific Co., Ltd, China), maintained 
at 2% during the injections. A subcutaneous implanta-
tion model was established in all rats, which had a dia-
gram shown in Fig. 3A. Briefly, a 5*5 cm operative area 
was obtained after shaving and disinfection. For each rat, 
six separate injections from the same implant were per-
formed in the dorsal subcutaneous tissue on either side 
of the spine, and no sutures were required, respectively 
(n = 3). In the blank group, no additional biomaterial was 
implanted. After the injection, the animals were kept in 
individual cages in the same housing condition as before. 
Standard balanced food and water were available for free 
intake.

2.4.2 � General observation and MRI analysis
At relevant time points after injection (1 day, 1 month, 2 
months, and 3 months), the general aspect of the animals 
was assessed, including the appearance of the injection 
sites and the motor behavior.

A custom-designed 32-channel Head coil was posi-
tioned at the injection site to facilitate the acquisition 
of magnetic resonance imaging (MRI) data. The Unity 
console, equipped with a 3.0T magnet and a 42 mT/m 
gradient coil from United Imaging (Shanghai, China), 
was utilized. Imaging parameters were generated using a 
spin-echo sequence with a repetition time of 17.4 ms and 
an echo time of 3.9 ms. A 352 × 230-pixel acquisition was 
performed, yielding a volume of 0.78 × 0.63 × 1.1 mm.

Rats were put in the coil supine for scanning after 
being anaesthetized with 1% pentobarbital (30  mg/kg). 
Every month, three rats were scanned to acquire three 
separate images for each group. The BeeViewer program 
examined the images to recognize the material-affected 

area and to measure and rebuild the 3D volume for each 
sample.

2.4.3 � Histological observation and quantitative analysis
1, 2 and 3 months after the injections, the rats were sac-
rificed with a 150  mg/kg dose of sodium pentobarbital. 
Each rat’s six injected samples were collected alongside 
some of the surrounding subcutaneous tissue. The sam-
ples were treated by paraffin embedding according to 
conventional histology protocols after being fixed for 
24 h at 4  °C in 4% paraformaldehyde. Subsequently, the 
sections underwent a 5  μm cut using the Exakt Micro-
Grindin System (Leica, Germany) and were stained with 
Masson trichrome (Masson) and hematoxylin and eosin 
(HE) for histological examination.

2.4.4 � SHG signal acquisition
The acquired samples were prepared into 5 μm sections 
using the above-mentioned method in 2.4.3, then stained 
with DAPI for SHG signal acquisition. The slices were 
fixed on the objective stage of a two-photon microscope. 
A 10X objective was used for scanning, with an excita-
tion wavelength of 950 nm and a laser intensity of 14%. 
The light was collected using a 465–485 nm narrowband 
filter. The slices were scanned to a depth of 4 μm in the 
Z-axis, with a collection speed of 2.44 μm/pixel.

2.5 � Statistical analysis
The presentation of all data is mean ± standard deviation 
(n ≥ 3). Unless otherwise specified, one-way ANOVA 
was employed for statistical analysis. *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001 were deemed as the 
thresholds for significant differences between groups.

3 � Results
3.1 � Characterization of HCol and col hydrogels
The cross-linking of HCol hydrogels was schematically 
shown in Fig.  1A. The adjacent hydroxyl groups (-OH) 
in hyaluronic acid molecules were oxidized to aldehyde 
groups (-CHO) by the strong oxidant sodium periodate. 
The oxidation degree of the prepared OHA was 22% as 
determined by the hydroxylamine hydrochloride method. 
Under neutral conditions, the OHA solution could 
uniformly mix with the Col I solution, and the amino 
groups (-NH2) reacted with -CHO to form Schiff base 
structures, and achieved a certain degree of cross-link-
ing [25]. After gelation at 37  °C, all hydrogels were sta-
ble and the pure collagen (Col20) appeared milky white 
owing to self-assembly, while the cross-linked groups 
(HCol10 and HCol20) were transparent (Fig.  1B). The 
FT-IR (Fig. 1C) spectra showed that the infrared absorp-
tion of HA remained consistent before and after oxida-
tion, which indicated that the current oxidation degree 
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had no significant impact on the overall molecular struc-
ture of HA. The new absorption peak at 1724 cm−1 cor-
responded to the stretching vibration absorption peak of 
-C = O in the aldehyde group formed after partial ring-
opening oxidation of HA [26]. In the infrared spectrum 
of HCol20, the aldehyde absorption peak at 1724  cm−1 

nearly disappeared, and a new absorption peak appeared 
at 1673  cm−1, which was attributed to the stretching 
vibration peak of the imine group (-C = N-) [27], and 
indicated the consumption of -CHO in OHA during the 
formation of gels since -CHO reacted with -NH2 of Col I 
in a Schiff base manner. The consumption ratio of -NH2 

Fig. 1  Formation mechanism and physical properties of HCol and Col hydrogels. A Schiff base reaction. B Appearance of Col20 and HCol hydrogels. 
C FT-IR spectra of HA, OHA, Col20, and HCol20. D The reduction of NH2 (n = 3). E The morphology of Col20 and HCol hydrogels evaluated by SEM. 
F Swelling ratio of Col20 and HCol hydrogels in PBS (n = 3). G-H Evaluation of elastic storage modulus G’ and viscous loss modulus G” by rheology
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measured by the OPA fluorescence method (Fig.  1D) 
reflected the cross-linking degree of collagen. The forma-
tion of Col20 involved no chemical cross-linking, and the 
slight decrease of -NH2 content was possibly due to the 
unavailability of active groups caused by self-assembly 
and intramolecular folding. By contrast, the -NH2 con-
sumptions in HCol10 and HCol20 were as high as 70%, 
with HCol10 showing slightly higher, which meant that 
an increase in the proportion of OHA to Col I enhanced 
the degree of cross-linking to some extent. The cross-
sectional morphology of the freeze-dried hydrogels 
shown in Fig.  1E displayed a continuous irregular 3D 
porous structure with a connection between collagen fib-
ers and sheet-like hyaluronate in cross-linked hydrogels, 
while only the fibrous network was observed in Col20. 
The internally irregular pores in the highly cross-linked 
HCol10 were denser but larger, while those in HCol20 
were sparser and smaller in size.

Since the inner structure of hydrogel was a 3D inter-
connected network, water absorption and swelling 
behaviors were crucial to hydrogel stability. As the exper-
imental results shown in Fig. 1F, after immersing in PBS 
for 1 h, the swelling ratio of all hydrogels exceeded 200% 
and reached swelling equilibrium after 24  h. The initial 
rapid swelling was mainly due to the unsaturated water 
absorption and porous structure of the scaffold, while 
the subsequent slow swelling was related to the dynamic 
exchange of water throughout the hydrogel network. 
The swelling ratio of Col20 was the highest from 3 h on, 
and HCol10 showed the lowest swelling ratio, which 
also suggested the influence of chemical cross-linking 
on mechanical properties. By applying a fixed strain 
amplitude (1%) and temperature (25°C) and varying the 
frequency of dynamic sweeps, the frequency depend-
ence of G’, G” tested over a wide range was shown in 
Fig. 1G. It presented that the storage modulus of HCol20 
was higher than that of Col20 and HCol10, and HCol20 
showed good toughness and higher strength. In addition, 
by applying a constant frequency (10  rad/s) and impos-
ing strain, the relationship between the hydrogel’s G’, G” 
and strain were measured. Linear viscoelastic behavior 
occurred when the strain was less than a critical value, 
while non-linear behavior occurred when the strain 
exceeded this value, with G’ gradually decreasing below 
G”. From the dynamic strain sweep graph in Fig.  1H, it 
was observed that within a low strain range, the hydro-
gel maintained good linear viscoelastic behavior. As the 
strain increased gradually (100–1000%), the hydrogel 
showed nonlinear behavior, with a gradual decrease in 
the storage modulus and a marginal decrease in the loss 
modulus, indicating structural damage to the hydrogel. 
The critical point value was highest in HCol20, indicating 
its superior toughness.

3.2 � In vitro cell culture
3.2.1 � Cell viability, proliferation and morphology
The live/dead staining images displayed a homogene-
ous distribution of live cells on the hydrogels (Fig. 2A). 
Moreover, with increasing culture time, the intensity 
of green fluorescence steadily increased, and only a 
few dead cells were detected, indicating that the cells 
cultured on the hydrogels exhibited good vitality and 
proliferation. The CCK-8 assay results demonstrated a 
significant increase in cell number for all groups from 
1 to 7 days (Fig.  2C), with the HCol10 group showing 
the highest proliferation rate, in line with the live/dead 
staining.

During the initial days of co-culture, the cells exhib-
ited spreading and immediate adhesion to the hydro-
gels, as evidenced by F-actin and nucleus (blue) staining 
of the cytoskeleton (Fig.  2A). After 3 days, a full and 
well-spread morphology was observed. Notably, the 
actin filaments within the cell nuclei were easily rec-
ognizable and displayed normal morphology. The dis-
tribution and morphology of the cells observed in the 
SEM images corresponded to the nucleus and F-actin 
staining (Fig.  2B). The individual cell spreading areas 
progressively expanded, and after 7 d, the entire visual 
field was covered. Similarly, the cell spreading effect of 
HCol10 was better than that of the other two groups.

3.2.2 � Gene expression
The expression of five representative genes, namely 
Col I and Col IV (which were important components 
of the extracellular matrix), VEGF and bFGF (which 
were widely recognized as important factors affecting 
vascular growth and showed chemotactic effects on 
fibroblasts), and TGFβ1 (which promoted the trans-
formation of dermal stromal cells into fibroblasts and 
the proliferation and differentiation of fibroblasts) 
[28, 29], were determined by RT-PCR and the results 
were shown in Fig.  2D-H. The results indicated that 
all hydrogels overall promoted the expression of the 5 
genes. Specifically, the expression of Col I and Col IV 
genes in Col20 and HCol10 were up-regulated at 7 d, 
and the expression was promoted at 14 d while Col20 
showed the most significant promoting effect (Fig. 2D-
E). At 7 d, the VEGF expression was significantly pro-
moted in three hydrogels, while the expression in Col20 
was down-regulated at 14 d; meanwhile, the VEGF 
expression in HCol10 and HCol20 still be up-regulated 
but with reduced promotion effects (Fig. 2F). Similarly, 
the three hydrogels promoted the expression of bFGF 
and TGFβ1 at 7 d, with the promoting effect of both 
growth factors reduced at 14 d except the bFGF expres-
sion in HCol20 (Fig. 2G-H).
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Fig. 2  Viability, proliferation and morphology of HSFs cultured on HCol hydrogels. A-B Viability and morphology of HSFs on HCol hydrogels 
evaluated by confocal microscope and SEM (FDA/PI staining; green: live cells; red: dead cells, F-actin fluorescence staining). C Proliferation of HSFs 
on HCol hydrogels evaluated by CCK-8 assay (n = 6). D-H Expression of the Col I, Col IV, VEGF, bFGF, and TGFβ1 genes at 7 and 14 days. Every 
outcome was normalized based on the expression of GAPDH levels (n = 6)
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3.3 � In vivo animal study
3.3.1 � General observation
As previously described, three material groups together 
with a commercial product were injected subcutane-
ously with 200 µL per site in adult SD rats. It was easy 
to inject these materials into the subcutaneous area, 
which was consistent with the rheological yielding behav-
ior observed during the transition from solid to liquid-
like properties under high shear. Also, the shape of all 
injected fillers could be easily adjusted and maintained, 
and the volume increase at the injection site could be 
clearly observed (Fig. 3B).

3.3.2 � MRI analysis
The in  vivo volume retention of the injected implants 
over time was quantified using magnetic resonance 
imaging (MRI) and the results were shown in Fig.  3C. 
The image acquisition was conducted post-operative 
1 d and monthly afterwards, and the retained volume 
of the implant was further calculated after the manual 
depiction of the implant contour. The volume retentions 
of different groups were plotted over time in Fig.  3D. 
Firstly, it was found that the volume of implants varied 
between collagen and hyaluronate hydrogels at 1d post-
injection. To be specific, collagen-based hydrogels were 
significantly contracted to a smaller volume than the 

injected volume (200 µL), while the volume of implanted 
CHA was dramatically increased after 1 d. During the 3 
months observation course, collagen hydrogels degraded 
at a faster rate while the CHA was largely reserved with a 
volume retention of 77% ± 5%. However, collagen-based 
hydrogels still could be observed in vivo 3 months post-
injection, even though both Col20 and HCol10 were 
degraded to only 13% ± 4%. Among the collagen hydro-
gels, the volume retention of HCol20 was the largest and 
around 31% ± 4% after 3 months.

3.3.3 � Histological examination
The animals were sacrificed at the defined time to collect 
the implants and adjacent tissue to have visual inspection 
and histological evaluation. HE staining results showed 
that the four hydrogels showed good biocompatibility 
with no significant inflammation or granulation tissue 
after implantation (Fig.  4A). 1 month after the implan-
tation, no obvious implant contour and few infiltrated 
cells were observed in collagen hydrogels, while there 
was a clear boundary between the filler and tissue and 
only a small number of cells aggregated around but not 
migrated into the CHA. By the second and third months, 
collagen-based hydrogels were gradually hard to distin-
guish from the adjacent tissue. The structure of collagen 
fibers in Col20 and HCol20 was clear and dense at 2 M 

Fig. 3  Animal experiment cycle and detection of hydrogel retention volume in vivo. A Construction of subcutaneous implantation model 
and sampling period. B Back state of rats immediately after implantation. C Representative MRI images of rats scanned at 1, 2 and 3 months 
after the injection procedure. D Results of the volume retention during the study (n = 6)
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but appeared loosely arranged at 3 M. In contrast, colla-
gen fibers in HCol10 showed lower density at 2  M and 
became denser and randomly arranged at 3  M. Mean-
while, the CHA still could be easily found in the tissue 
which was consistent with the result acquired from the 
MRI test. Cells around were dense and infiltrated inward, 
with collagen fibers only generated around the CHA. 
Notably, vascularization was observed in the hydrogels 

at the same time, with the most significant vasculariza-
tion seen in HCol10 and HCol20. Collagen deposition 
could be further confirmed by Masson’s trichrome stain-
ing, in which the darker blue indicated more collagen 
synthesized. The staining results indicated that HCol10 
and HCol20 were associated with greater collagen syn-
thesis compared to Col20 and CHA. All four hydrogels 
showed no obvious collagen synthesis at 1 M, which was 

Fig. 4  Histological evaluation of the hydrogels after implantation. A Identification of inflammation and foreign body reaction by hematoxylin 
and eosin staining, and identification of collagen production by Masson’s trichrome staining at 1, 2 and 3 months. B The HE and Masson staining 
of blank control
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consistent with the HE results and demonstrated cyto-
compatibility. Collagen deposition appeared around 
and within collagen-based hydrogels at 2  M. The Col20 
showed the most significant collagen synthesis, followed 
by HCol20, and HCol10 exhibited relatively sparse colla-
gen fibers, while CHA only exhibited peripheral collagen 
deposition. Finally, the collagen bundles in Col20 were 
sparse and thin at 3  M, while HCol10 and HCol20 dis-
played significant collagen synthesis, with collagen fibers 
in HCol20 arranged in bundles, and the collagen content 
and density markedly increased in HCol10. Similarly, 
only the density of surrounding collagen fibers increased 
for CHA at 3 M.

3.3.4 � SHG signal analysis
Collagen fibers could be visualized in  situ by second-
harmonic generation (SHG) imaging, which was a multi-
photon microscopic observation without sample staining 

[30]. SHG signals were utilized to characterize the micro-
structure of collagen tissue surrounding and inside the 
implants, and the SHG signal intensity could indicate the 
relative collagen content. The original SHG signal images 
collected by the two-photon microscope were shown in 
Fig. 5A and B-D displayed the statistical results of signal 
intensity. The results showed that there was almost no 
signal inside the hydrogels at 1 M, only weak SHG signals 
were detected in the surrounding area, and the collagen 
mostly appeared as thin fibers. Consistent with Masson 
staining results, the results indicated a relatively low col-
lagen content was deposited at 1  M. We suggested that 
the observed collagen was type III collagen. On the con-
trary, there was almost no signal could be found in CHA, 
but the signal intensity around the implant was obvi-
ously stronger and denser which implicated the hyper-
plasia of capsule. At 2  M post-injection, seldom SHG 
signals were detected inside the CHA hydrogel, while the 

Fig. 5  The changes of the SHG signals at 1, 2 and 3 months for each group (Col20, HCol10, HCol20 and CHA). A The SHG signal images collected 
by the two-photon microscope. B-D the statistical results of SHG signal intensity
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positive signals around the filler were still strong which 
indicated an increase in collagen content. The signals 
collected from collagen hydrogels intensified at 2  M, 
especially inside the hydrogels. More importantly, the 
bundled collagen fibers were apparently visible in the 
hydrogels, which suggested a biomimetic reconstruc-
tion of the extracellular matrix in the tissue. At the final 
observation time point, slight signals could be found in 
the internal CHA hydrogel, with a dominant area without 
positive signals. The SHG signal strength and distribu-
tion in Col20 showed no significant changes compared to 
that observed at 2 M. However, the internal SHG signals 
of HCol10 and HCol20 not only intensified but also pre-
sented a similar morphology as the extracellular matrix 
in adjacent tissue, indicating a matured and remodeled 
dermal matrix was formed.

4 � Discussion
Dermal fillers for facial rejuvenation should possess sev-
eral characteristics to ensure biosafety and efficacy after 
being implanted, including biocompatibility, non-immu-
nogenicity, biodegradability, in vivo stability, and the abil-
ity to promote collagen regeneration [31–34]. Collagen 
enjoys the advantages as the starting material of implant-
able medical devices for its excellent biological functions 
[35–38], but its deficiencies also limit further application 
such as weak mechanical properties, prone to degrada-
tion, and challenging to preserve [39, 40]. The advances 
in the preparation and modification of collagen-based 
biomaterials could enhance their suitability for diverse 
applications [40, 41]. The presence of HA in a collagen 
matrix has been shown to enhance cell division in human 
fibroblasts by their passage through cell cycles [42]. HA 
could also induce cell aggregation, proliferation, and 
angiogenesis [43, 44], and regulate the process of inflam-
mation promoting tissue regeneration [45]. In previous 
research to prepare various types of composites such as 
non-crosslinked [46], crosslinked [47], chemically modi-
fied [48], and interconnected composites [49], hyalu-
ronic acid had demonstrated successful integration with 
soft tissue implants. Thus, it could be a possible strategy 
to prepare composite hydrogels based on collagen and 
hyaluronic acid with satisfied mechanical and biological 
properties for facial implantation.

In this study, an injectable hydrogel based on hyalu-
ronic acid and type I collagen was prepared and evalu-
ated for volume maintenance and tissue regeneration. 
Primarily, HCol hydrogels offered a stable injectable 
dermal filler formed in  situ through a straightforward 
preparation process. Additionally, HCol hydrogels played 
a significant role in maintaining optimal biodegradability 
and biocompatibility. Eventually, these hydrogels facili-
tated fibroblast migration, vascularization, and collagen 

deposition, thereby enhancing tissue durability and sup-
porting skin regeneration.

As reported by Allemann et al. [50], the addition of HA 
influenced the density and pore size of HCol hydrogels. 
We observed that the hydrogel pores were more irregu-
lar and fibrotic with the increasing crosslinking degree 
[17, 27]. In addition, with the increase in collagen con-
centration, the pore size of collagen-based hydrogels 
became smaller [51]. The molecular weight of macromo-
lecular monomers, the concentration of macromolecular 
monomers, the concentration of crosslinking agents, and 
the degree of crosslinking can affect the swelling rate of 
crosslinked composite materials [52]. Usually, a higher 
degree of crosslinking leads to lower water absorption 
[53]. The lower swelling rate of HCol10 was related to 
its larger pore size and higher crosslinking density. The 
injection force of the dermal filler was affected by the 
rheological and physiochemical properties of the filler 
composite, which included viscosity, particle size, cross-
linking density, and polymer concentration [54, 55]. 
HCol hydrogels exhibited no significant differences in 
morphology compared to Col20, but their rheological 
properties were confirmed to be different. The storage 
modulus and the loss modulus increased with increas-
ing frequency, indicating physical entanglement in the 
reversible dynamic chemical crosslinking network [54]. 
However, the hardness and elasticity of crosslinked 
gels were not always superior to pure collagen gels. The 
reduced solidity of HCol10 primarily stemmed from a 
lower concentration of solid content and the diminished 
self-assembly of collagen post-chemical crosslinking. The 
rigidity of HCol20 was hard with the increase of solid 
content and certain chemical crosslinking. Furthermore, 
all hydrogels exhibited yielding behavior characterized 
by a transition to a liquid-like state, as indicated by the 
intersection and surpassing of G’ curves by G” curves 
under high shear deformation. This viscoelastic yield-
ing mechanism, inherent to collagen hydrogels, enabled 
them to maintain structural integrity under static condi-
tions while remaining injectable [56]. The use of highly 
reactive crosslinkers like divinyl sulfate (DVS), 1,4-butan-
ediol diglycidyl ether (BDDE), and 1,2,7,8-diepoxoctane 
(DEO) could produce harder HA fillers [57, 58]. However, 
the increased compression of these fillers and fragments 
of gel after injection may lead to a higher risk of com-
plications such as vascular embolism [59, 60]. Oxidative 
modification of HA combined with collagen crosslinking, 
produced HCol fillers that were relatively soft and easy 
to inject, while still maintaining stability. This approach 
could reduce the risk of vascular embolism.

Biomaterials intended for injection or implantation 
must undergo comprehensive short-term and long-term 
studies to evaluate potential acute and delayed cytotoxic 
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effects [27]. In vitro cell culture showed that HCol10 pro-
moted cell proliferation and spread better than the pure 
collagen group, while HCol20 hydrogel had no obvious 
advantage. Generally, the internal three-dimensional 
structure, including pore size and porosity, has been 
proven to regulate cell behavior [61]. Suitable pore sizes 
were necessary for tissue formation to facilitate the dif-
fusion of nutrients, oxygen, and waste products to and 
from cells [27]. The HCol10 showed the best overall effect 
in promoting HSF proliferation, with larger micropores 
that were profit to cell growth. RT-qPCR results sug-
gested that HCol hydrogels promoted the expression of 
extracellular matrix and angiogenesis. The differentia-
tion of cells in the hydrogel was affected by the swelling 
ratio [62], which may be related to the diffusion of signal 
molecules and nutrients in the hydrogel. In addition, with 
the increase of collagen concentration, the pore size of 
collagen-based hydrogel was smaller, which was not suit-
able for cell inoculation and survival [51]. Compared with 
HCol20 and Col20, HCol10 had the best effect on cell 
proliferation, spreading and gene expression, which may 
be due to the lower concentration and softer, which was 
conducive to cell adhesion on the surface and growth. 
Thus, the HCol hydrogels developed by appropriate com-
ponents and moderate cross-linking not only provided 
appropriate adhesion sites and chemical microenviron-
ment but also supported cells with suitable inner struc-
ture and mechanical cues to modulate cell phenotypes.

Furthermore, the as-obtained collagen hydrogels were 
in vivo evaluated with subcutaneous models, using com-
mercial hyaluronic acid sodium gel CHA as the control. 
Based on histocompatibility assessment requirements of 
foreign materials implanted in  vivo, biocompatible bio-
materials should show less intense immune responses 
or no material rejection [27]. The research that investi-
gated hyaluronic acid hydrogels prepared by a similar 
pattern was noted to degrade within the range of 10–36 
weeks, which was comparable to our results [47]. The 
HCol hydrogels combined injectability with retained 
volume for at least 3 months. Increasing concentration 
and crosslinking modification might further improve 
hydrogel retention time and volume in  vivo. The MRI 
results indicated that chemical crosslinking enhanced 
the enzymatic hydrolysis resistance of HCol hydrogel 
in  vivo. The continuous compressive forces exerted by 
skin tension and external pressure in vivo [63] led to the 
volume contraction of collagen-based hydrogels during 
the initial implantation period. Despite Col20 displaying 
higher elastic modulus in vitro, it exhibited weak tough-
ness, unstable structure under external forces and enzy-
matic hydrolysis in vivo [54]. Nevertheless, commercially 
available CHA demonstrated enhanced stability in  vivo, 
leading to a more pronounced tissue volumizing effect 

post-injection, with degradation initiated gradually after 
a month. The interaction between collagen and HA with 
fibroblast surface receptors was pivotal for extracellular 
matrix remodeling, including collagen deposition and 
angiogenesis [64, 65]. Collagen featured binding sites 
for the β1 subunit, as well as the α1, α2, α10, and α11 
subunits, which induced proliferation of keratinocytes, 
fibroblasts, and myofibroblasts [21, 64]. HA, through 
the CD44 molecule, effectively promoted cell signaling, 
cytokine release, extracellular matrix deposition, and 
angiogenesis [60, 66, 67]. Histological staining results 
showed an increase in fibroblast numbers post-injection, 
possibly due to fibroblasts attaching to the hydrogel via 
fibronectin and CD44. The increase in fibroblasts was 
particularly evident in HCol hydrogels, and this effect 
persisted for three months. At 3  M, purple staining 
indicated HCol hydrogel degradation and cell uptake of 
partly degraded material, in line with observations from 
related research [63]. SHG signal in biological tissues was 
highly sensitive to the changes in tissue microstructure, 
with collagen content closely linked to signal strength 
due to collagen’s strong second-order nonlinear polar-
izability and non-centrosymmetry [30, 68–71]. Analy-
sis of SHG signals was in line with the Masson staining 
findings, demonstrating the superior collagen regen-
eration promotion effect of HCol hydrogel compared 
to CHA. Previous studies indicated that the volume of 
injected hydrogel, degradation time, and crosslinking 
degree of the hydrogel could affect fibroblast prolifera-
tion and extracellular matrix secretion [64]. In a study, 
injection of biphasic hyaluronic acid led to increased 
collagen deposition and angiogenesis around the filler, 
which lasted up to 12 weeks post-injection [72]. In our 
study, HCol hydrogels exhibited good compatibility with 
surrounding tissues and significant stimulation of col-
lagen and angiogenesis. The process of angiogenesis in 
hydrogels provided a framework for tissue filling mate-
rials as they gradually degrade [72]. On the other hand, 
CHA maintained longer residence time in vivo, and had 
distinct boundaries with surrounding tissues, but only 
showed an increase in collagen content around the filler 
at 3 M. Overall, HCol hydrogels exhibited excellent bio-
compatibility, facilitating vascular growth and collagen 
regeneration.

5 � Conclusion
In the study, an injectable HCol hydrogel was formed 
by the Schiff base reaction between collagen type I 
and oxidized hyaluronic acid, avoiding the chemical 
crosslinking of high molecule weight HA which might 
cause various side effects after implantation. Charac-
terization of physicochemical properties and in  vitro 
and in vivo biocompatibility experiments demonstrated 
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that the hydrogel network was stable, conducive to 
cell adhesion and spreading, and promoted vascu-
lar ingrowth and collagen regeneration. According 
to current results, the HCol10 was the most advanta-
geous and the fibrous network could most effectively 
support the attachment of the cells. The implantation 
in  vivo showed good vascularization and connective 
tissue formation while maintaining shape and integrity. 
In summary, the HCol hydrogel could accelerate skin 
regeneration with enhanced stability and excellent bio-
compatibility, which appeared to have beneficial prop-
erties for use as an implant in skin soft tissue.
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