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A B S T R A C T   

The application of medical devices to repair skin damage is clinically accepted and natural polymer enjoys an 
important role in this field, such as collagen or hyaluronic acid, etc. However, the biosafety and efficacy of these 
implants are still challenged. In this study, a skin damage animal model was prepared by UV-photoaging and 
recombinant humanized type III collagen (rhCol III) was applied as a bioactive material to implant in vivo to 
study its biological effect, comparing with saline and uncrosslinked hyaluronic acid (HA). Animal skin conditions 
were non-invasively and dynamically monitored during the 8 weeks experiment. Histological observation, 
specific gene expression and other molecular biological methods were applied by the end of the animal exper-
iment. The results indicated that rhCol III could alleviate the skin photoaging caused by UV radiation, including 
reduce the thickening of epidermis and dermis, increase the secretion of Collagen I (Col I) and Collagen III (Col 
III) and remodel of extracellular matrix (ECM). Although the cell-material interaction and mechanism need more 
investigation, the effect of rhCol III on damaged skin was discussed from influence on cells, reconstruction of 
ECM, and stimulus of small biological molecules based on current results. In conclusion, our findings provided 
rigorous biosafety information of rhCol III and approved its potential in skin repair and regeneration. Although 
enormous efforts still need to be made to achieve successful translation from bench to clinic, the recombinant 
humanized collagen showed superiorities from both safety and efficacy aspects.   

1. Introduction 

The application of scaffold or wound dressing prepared from the 
natural polymer is one of the major strategies to achieve skin tissue 
regeneration. Collagen [1,2], hyaluronate [3], chitosan [4] and many 
other natural polymers and their derivatives are widely researched and 
considered as potential alternatives. As the main dermal component in 
human skin, collagen enjoys the advantages of its biocompatibility and 
biodegradability, while the material-cell interactions are beneficial to 
the remodeling of ECM and tissue regeneration [5,6]. At present, there 
are many collagen-based medical devices have been approved and 

launched into the market, such as Integra® Matrix Wound Healing 
(approved by FDA, USA) and Sunmax® Collagen Implant I (approved by 
NMPA, China). Currently, almost all of the collagen for use in biomed-
ical and pharmaceutical applications and Tissue Engineered Medical 
Products (TEMPs) is mainly animal-derived collagen, with bovine 
collagen being predominant both in quality and quantity [7,8]. How-
ever, safety aspects should be considered while using animal-derived 
collagen, including the risks of transmissible viruses and diseases, 
pathogenic and allergic reactions [9,10]. For example, Transmissible 
Spongiform Encephalopathy (TSE) is the major limitation of bovine 
collagen, especially to the materials from the epidemic area of Bovine 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. National Engineering Research Center for Biomaterials, Sichuan University, Chengdu, Sichuan 610064, China. 

** Corresponding author. 
*** Corresponding author. 

E-mail addresses: cybao9933@scu.edu.cn (C. Bao), dr_wanghang@scu.edu.cn (H. Wang), linhai028@scu.edu.cn (H. Lin).   
1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2021.10.004 
Received 10 August 2021; Received in revised form 30 September 2021; Accepted 3 October 2021   

mailto:cybao9933@scu.edu.cn
mailto:dr_wanghang@scu.edu.cn
mailto:linhai028@scu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.10.004
https://doi.org/10.1016/j.bioactmat.2021.10.004
https://doi.org/10.1016/j.bioactmat.2021.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.10.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 11 (2022) 154–165

155

Spongiform Encephalopathy (BSE). Meanwhile, religious sensitivity, 
purification and variability between batches are additional limitations 
of natural collagen. 

With the progress of genetic engineering and synthetic biology, re-
combinant collagen with designated structural and functional, can be 
developed and shows potential as starting material for surgical implants 
and substrates in regenerative medicine [8,11]. In general, recombinant 
collagen is prepared by transcribing a specific gene segment and 
expressed in yeast, bacteria or animal cells [12], with consistent 
formulation output and high productivity. To be biocompatible with the 
human body, a human collagen gene which encodes a specific type of 
human collagen, is mainly chosen to produce a predictable and reliable 
recombinant collagen. In March 2021, a standard guide for the defini-
tion of recombinant collagen was issued by the National Medical Prod-
ucts Administration of China (NMPA). In this guide, the recombinant 
human collagen was defined as a full-length amino acid sequence 
encoded by a specific type of human collagen gene and possessing a 
triple helix structure, while recombinant humanized collagen was 
defined as a full length or fragment of functional amino acid sequence 
encoded by a specific type of human collagen gene, or a combination of 
the above functional fragments. Also, the recombinant collagen-like 
protein was defined as an amino acid sequence or fragment encoded 
by a designed and modified specific collagen gene, or a combination of 
the above fragments. These definitions classified recombinant collagen 
into three categories according to the consistency degree of chain length 
and/or amino acid sequence in the protein comparing with native 
collagen expressed in human, which composed the primary structure of 
collagen and established the prerequisites for its physicochemical 
characteristics and biological performance. In April 2021, NMPA issued 
a classification principle for recombinant collagen medical devices to 
normalize the classification and management of these novel products, 
which accelerated the translation progress of recombinant collagen from 
bench to clinic in China. 

Type III collagen is a homotrimer that consists of three identical 
collagen α-chains folded into the triple-helical structure. Col III is 
generally co-exists with Col I in connective tissue and the proportion of 
Col III is typically greater during the wound healing and collagen 
development [13]. Recently, we investigated the interactions between a 
recombinant humanized type III collagen (rhCol III) and human fibro-
blasts via in vitro study to find a similar cell adhesion results as reported 
in the literature [14,15]. To further investigate the biological effect of 
rhCol III in vivo and provide evidence of validity to the commercializa-
tion, an animal model with damaged skin was successfully made via 
ultraviolet radiation, and rhCol III was implanted on schedule in an 
observation period of 8 weeks in this study. HA and saline were injected 
by the same method and served as controls. Non-invasive test methods 
were applied to continuously monitor and quantify the changes of skin 
condition after the implantation. Histological and molecular biological 
analysis was utilized to explore the effect of rhCol III on UV-photoaging 
skin, and further to discuss from aspects of material-cell interaction, 
ECM secretion and remodeling, and influence on bioactive factors and 
molecules. 

2. Materials and methods 

2.1. Materials 

The recombinant humanized type III collagen (rhCol III) was ob-
tained by 16 tandem repeats of a 30 amino acid triple-helix region from 
human type III collagen (hCOL3A1, Gly483-Pro512). The structure of 
this amino acid sequence was verified and deposited in Protein Data 
Bank with accession numbers of 6A0A and 6A0C. The purified and 
lyophilized rhCol III was obtained from Shanxi Jinbo Pharmaceutical 
Co., Ltd. No further treatment was applied unless otherwise stated. The 
lyophilized rhCol III was easily dissolvable in sterilized saline to obtain 
rhCol III solution with desired concentration before the injection [15]. 

Uncrosslinked HA (Bloomage Biotechnology Co., Ltd.) with a molecular 
weight of 48 kDa was used as the positive control. Hematoxylin and 
eosin staining (H&E), Sirius red staining test kits were all purchased 
from Beijing Solarbio Science & Technology Co., Ltd. Hydroxyproline 
(Hyp) was purchased from Damas-beta, Shanghai Titan Scientific Co., 
Ltd, China. Chloramine-T, acid-citric acid, isopropyl alcohol, para-
dimethylaminobenzaldehyde (PDAB) and 57% perchloric acid were 
provided by Chron Chemicals, China. 

2.2. In vivo animal study 

The animal study was approved by the Experimental Animals Ethics 
Committee of Sichuan University (WCHSIRB-D-2020-333). Seventy 
male SD rats (Chengdu Dossy Experimental Animals Co., Ltd. SCXK 
(CHUAN) 2020-030) which were 8 weeks old and weighing 200–250 g 
were used for in vivo study. All the rats were housed in an animal lab-
oratory facility (22–24 ◦C, 50% of humidity) under a 12-h light/dark 
cycle for 7 days to adapt to the environment before the surgery. 

Briefly, an area of 5 cm*5 cm on the dorsal of the SD rat was shaved 
before it was fixed in a self-made cage with eyes protected. The 5.0 
cm*5.0 cm area on the dorsal skin of every rat was divided into two 
surgical areas along the dorsal line to attain 70 targeted surgical areas in 
total. Then, the 70 surgical areas were assigned randomly into seven 
groups shown in Table 1. Then the exposed skin was irradiated using 
UVA and UVB-emitting lamps from a distance of 30 cm. The minimum 
erythema dose (MED) is defined as the amount of UV radiation that 
could cause the weakest erythema and could be observed by the naked 
eye. Under given conditions in the pre-experiment, the MED (UVA 1.68 
J/cm2; UVB 0.39 J/cm2, irradiation time 10min) were determined 
through a UV energy detector (Sanpometer, Xi’an, China)]. To establish 
and maintain the UV-induced photoaging skin model, the animals 
experienced three stages of UV irradiation. The first stage was the first 
two weeks of the animal study, in which the animals accepted 1 MED 
irradiation every other day. In the second stage, which lasted for another 
two weeks, the irradiation dosage increased to 2 MED every other day. 
The last stage included four weeks, in which 3 MED was applied to the 
animals every other day. The whole irradiation period lasted for eight 
weeks, and the cumulative radiation dose of UVA and UVB was 105.84 
J/cm2 and 24.57 J/cm2, respectively. Supplemental hair was removed 
before each irradiation. In the treatment groups, the exposed dorsal skin 
of animals received evenly dotted dermal injection of 1 mL solution with 
a sharp needle (30G) every week. Using the sharp needle, rhCol III, HA 
and saline can be efficiently and accurately injected into the dermis with 
high repeatability and reliability. Infrared thermography images of the 
rat dorsal before and after implantation of rhCol III were shown in 
Fig. S4 of Supplementary Information. The rats in the normal group 
were neither irradiated with UVB and UVA nor administered any 
treatment, while those in the blank control were irradiated but not 
treated. Once blister, ulceration or erosion being observed on the 
dorsum of the animals, the irradiation was stopped immediately for 2–3 

Table 1 
The main information of experimental groups and implants.  

Groups Surgical 
Area 
Number 

UV 
Radiation 

Implants (Concentration; 
Volume) 

Normal 10 – None 
Blank Control 10 + None 
Negative Control 10 + Saline (0.9%; 1 mL) 
Uncrosslinked HA 10 + Uncrosslinked Hyaluronic 

Acid (2.0 mg/mL; 1 mL) 
L-rhCol III (Low 

Concentration) 
10 + rhCol III (0.8 mg/mL; 1 

mL) 
M-rhCol III (Medium 

Concentration) 
10 + rhCol III (2.0 mg/mL; 1 

mL) 
H-rhCol III (High 

Concentration) 
10 + rhCol III (3.2 mg/mL; 1 

mL)  
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days until the above symptom disappeared. After the injection, the an-
imals were kept in individual cages in the same housing condition as 
before. Standard balanced food and water were available for freely 
intake. 

2.3. Non-invasive quantitative evaluation 

All the animals were inspected daily after the irradiation procedure, 
including the animal activity, skin condition and infection situation. The 
exposed dorsal skin of each rat after UV irradiation and injection was 
recorded with a digital camera weekly. Other non-invasive quantitative 
test facilities like Skin Aided Analyzer (skin analysis system, CBS-806, 
Wuhan BoseElectronic Co., Ltd, Wuhan, China) and skin high- 
frequency ultrasound equipment (DermaLab USB, Cortex, Denmark) 
were conducted at the same time. 

2.3.1. Skin condition measured by skin analysis system 
CBS skin analysis system was applied to evaluate the skin condition 

non-invasively. The skin optical images were captured under a micro-
scope and further processed to negative films. The principle of CBS skin 
analysis system is based on the color gradation recognition and texture 
scanning of the optical spectrum (445 nm), which was supplemented by 
statistical foundations [16]. The CBS skin analysis instrument used in 
this study was equipped with a magnifying skin detector (magnification, 
50×) which could efficiently detect the skin conditions. The three main 
parameters representing skin conditions, namely skin elasticity, 
collagen content and skin oil content, were measured every week before 
the injection and UV irradiation. Three measure points evenly distrib-
uted on dorsal skin were selected and measured three times at each point 
to reduce the measurement error. The average values were calculated 
according to the measured data, and the differences between the values 
acquired before and after the treatment were used for further statistical 
analysis. 

2.3.2. Epidermis and dermis thickness detected by high-frequency 
ultrasound 

The high-frequency ultrasound equipment with a center frequency of 
20 MHz was used to detect the thickness and density of the epidermis 
and dermis. After the exposure of dorsal skin, a selected and fixed 
measure point on the injection area was detected three times by high- 
frequency ultrasound. The thickness and density differences between 
values before and after the treatment were used for further statistical 
analysis. 

2.4. Histological observation and quantitative analysis 

All the rats were sacrificed in the ninth week using an overdose of 
ketamine. After the sacrifice, an enlarged skin covering the injection 
area and its subcutaneous tissue was quickly removed together and 
rinsed with pre-cooled normal saline. After absorbing the moisture, the 
tissue was cut into pieces with a size of about 2.0 mm*13.0 mm. The 
sampled tissues were fixed in 4% paraformaldehyde at least 24 h, 
following the embedding in paraffin and sectioning into 5 μm. H&E was 
applied to observe the distribution and condition of cells and matrix and 
quantitatively measure the thickness of the epidermis and dermis. Sirius 
red staining was used to distinguish the different collagen types in the 
skin matrix and further analyze their proportion. For any quantitative 
analysis based on histological staining, at least 5 different visual fields 
were randomly photographed. The images were analyzed by Image J 6.0 
for the proportion of different collagen types and Image pro-Plus 
(Version 6.0) for the epidermis and dermis thickness. 

2.5. RNA isolation and real-time quantitative polymerase chain reaction 
(RT-qPCR) 

The total RNA of sampled tissue was extracted and isolated using 

TRIZOL reagent (Ambion, Austin, TX, USA) according to the manufac-
turer’s instructions. The extracted RNA was reverse transcription by 
iScript™ cDNA Synthesis Kit (BioRad, Hercules, CA, USA) to obtain the 
cDNA template for RT-qPCR amplification. The primer sequences of Col 
I, Col III, Elastin and MMP-3 gene were synthesized by Qingke 
Biotechnology Co., Ltd. and presented in Table 2. RT-qPCR was per-
formed on real-time quantitative PCR (Bio-Rad CFX-96, USA) using 
Perfectstart™ Green qPCR SuperMix System (Transgen, Beijing, China). 
Formula 2− ΔΔCT method was applied to acquire the relative quantifi-
cation of mRNA, normalized to GAPDH gene mRNA levels as an 
endogenous control. Each sample was analyzed in triplicate. 

2.6. Hydroxyproline content determination 

As the signature amino acid in the collagen sequence, hydroxypro-
line (Hyp) could be measured conveniently to monitor the content of 
collagen and its fragments [17]. Chloramine-T colorimetric method, one 
of the most well-known tools for assessing Hyp, is based on acid hy-
drolysis of the tissue homogenate and subsequent determination of the 
free Hyp in hydrolysates [18]. Briefly, a small amount of skin tissue was 
hydrolyzed in 6 mol/L HCl solution at 120 ◦C for 4 h in a glass ampoule, 
and the so-attained hydrolysates were diluted to constant volume for 
further quantitative analysis. 0.5 mL skin tissue hydrolysis diluent, 0.5 
mL Chloramine-T solution (1:4 volumetric ratio of 7% chloramine-T and 
acid-citric acid buffer, pH6.0), 0.5 mL isopropyl alcohol and 2.5 mL 
paradimethylaminobenzaldehyde (PDAB) reagent (2 g PDAB was dis-
solved in 3 mL of 57% perchloric acid solution) were used to oxidize the 
free Hyp to produce a red pyrrole compound. The absorbance of the 
solution was further measured by spectrophotometer (558 nm, Multis-
kan FC, Thermo, USA), which can directly reflect the Hyp content in 
hydrolysate with a standard curve established by known gradient con-
centrations of Hyp solution. 

2.7. Antioxidant enzyme activities 

Superoxide dismutase (SOD) activity and Malondialdehyde (MDA) 
content were measured using a colorimetric assay kit (Solarbio, Beijing, 
China), following the protocol provided by the manufacturer. Concisely, 
skin tissue was weighed and added into extract solution according to a 
ratio of 0.1 g/mL to homogenize in an ice bath. Following centrifugation 
at 8000g at 4 ◦C for 10 min, the supernatant was taken and measured 
using a spectrophotometer to determine SOD activity and MDA content, 
respectively. 

2.8. Statistical analysis 

All data were expressed as means ± standard deviation. Comparisons 
between two samples were performed with the paired t-test or the 
multiple groups with one-way analysis of variance (ANOVA). All P- 
values are two-tailed and considered statistically significant when P <
0.05 (depicted by asterisks on figures). GraphPad Prism8.0.2 software 

Table 2 
The primer sequences of the target gene for RT-qPCR.  

Gene name Direction Sequence(5,-3) 

Col I Forward GAGAACCAGCAGAGCCA  
Reverse GAACAAGGTGACAGAGGCATA 

Col III Forward GTGCTACTGTGAGCTGCTTCTTC  
Reverse TCTACATTGGACTGCTGTGCC 

Elastin Forward GGTGATCTTGGAGGAGCAGG  
Reverse CCAGCTCCAAATCCAGGGAC 

MMP-3 Forward AATGGTCTTGGCTCATGCCT  
Reverse AGGAATAGGTTGGTACCTGTGAC 

GAPDH Forward AGACAGCCGCATCTTCTTGT  
Reverse TTCCCATTCTCAGCCTTGAC 

MMP-3: Matrix Metalloproteinase-3. 
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(San Diego, CA, USA) was used for charts. 

3. Results 

To verify the biocompatibility and study the biological effect of rhCol 
III in vivo, an animal model of skin damage was applied to implant the 
rhCol III in an 8 weeks period. Both high-frequency ultrasonic inspection 
and non-invasive skin analysis were used to illustrate the difference of 
skin conditions among experimental and control groups. By the end of 
the animal experiment, skin histological and molecular biological 
evaluations were adopted to explore the biosafety and efficacy of rhCol 
III on damaged skin. 

3.1. Non-invasive method to evaluate changes of skin condition 

The non-invasive methods, such as dermoscopy and ultrasonic in-
spection, minimize the injury to animals when assessing the skin con-
dition of experimental regions at different time intervals. In addition, 
continuous monitoring of the same animal using these non-invasive 
devices can eliminate experimental errors caused by individual differ-
ences. At the same time, these methods provide more accurate details of 
skin changes than traditional methods, such as manual observation and 
subjective scoring [19,20]. 

3.1.1. CBS skin analysis system 
Using the CBS skin analysis system, the collagen content, elasticity, 

and oil content of skin were measured. Fig. 1a displayed skin images of 
representative groups in 8 week before and after system processing with 
the CBS skin analysis system, images of the different groups were pro-
vided in the Supplementary Information Fig. S1. There was no apparent 
infection, necrosis or ulceration was observed in the surgical areas 
during the experimental period. The changes between initial and given 
time points (1, 3, 5, 8 weeks postoperative) were calculated and shown 
in Fig. 1b–d. One week after the operation, no significant difference was 
observed among the different groups, no matter the collagen content, 
elasticity or oil content. With the increasing doses of UV light, photo-
aging symptoms such as a decrease of collagen content and skin elas-
ticity gradually appeared on the blank control from the third week 
onwards. The result was consistent with the photoaging descriptions 
reported in the literature, which indicated the successful establishment 
of the skin-damaged animal model [21–23]. In the experimental group 
with medium concentration rhCol III, collagen content increased by 
3.4%, 12.4% and 3.0% respectively at 3, 5 and 8 weeks postoperatively 
compared to the data collected at the beginning of the experiment, while 
the collagen content in the blank control decreased by 24.3%, 18.0% 
and 24.0%. The differences between these two groups were significant, 
as labelled in Fig. 1b (p < 0.01). In the experimental group with low 
concentration rhCol III, the collagen content increased along with the 
extending of experiment time, and significant differences with the blank 
control (p < 0.01) was observed at 8 weeks (Fig. 1b). The changes of skin 
elasticity had a similar trend as those of collagen content. At 3, 5 and 8 
weeks, the increment of skin elasticity in the experimental group with 
medium concentration rhCol III was 7.9%, 11.6% and 8.8%, respec-
tively. Meanwhile, in the experimental group with low concentration 
rhCol III, the increment of skin elasticity was 12.1% and 5.7% at 5 and 8 
weeks (Fig. 1c). All of these increases exhibited significant differences 
comparing with the blank control. In contrast, the experimental groups 
injected with saline and uncrosslinked HA did not improve the loss of 
collagen content and skin elasticity due to UV radiation at the majority 
of time points. As shown in Fig. 1d, the oil content of skin did not show 
apparent changes along with the experiment time or significant differ-
ences among groups at given inspection time points. These results sug-
gested the oil content of skin maybe not be an appropriate item to reflect 
the skin damage caused by UV light radiation and to research the in-
fluence of injectable materials. 

The data attained by CBS skin analysis system indicated that UV 

radiation could cause a change in collagen content and skin elasticity. 
Also, the injection of rhCol III improved the skin conditions, while the 
implant of saline or uncrosslinked HA maintained the collagen content 
and elasticity as those in blank control. 

3.1.2. Ultrasonic inspection 
Fig. 2 displayed the representative macroscopic appearance and ul-

trasound scanning images before and after dermal injection, as well as 
dermis thickness and density changes obtained by skin ultrasonic in-
spection at different time points. Even though there is controversy on the 
effect of photoaging on dermis thickness [24], many reports indicate 
that photoaging causes an increase of skin epidermis [25,26] and dermis 
thickness [27–29]. It can be seen from Fig. 2a that the dermis thickness 
increased after the implantation according to the ultrasonic images 
attained before and immediately after the injection, which indicated 
that the material was successfully grafted into the dermis. As shown in 
Fig. 2b, in our study, the majority of the UV radiation group showed 
dermis thickening comparing with the blank control at 3 and 5 weeks 
postoperatively, which supported the thickening effect of UV radiation. 
At the subsequent time point, both HA and rhCol III (high concentration) 
alleviated the thickening trend to some degree. However, the differences 
in dermis thickness change among the groups were not significant at all 
inspection time points. 

According to the results in Fig. 2b, the dermis density showed 
insignificant changes among the groups at the first two time points. At 5 
weeks postoperatively, the dermis density of the normal animals 
increased obviously, comparing with a significant value in blank con-
trol. Meanwhile, the skin density of the rest experimental groups 
continued to show not significantly different from the normal group. At 
the inspection time of 8 weeks, the dermis density showed a continuous 
decrease in blank group and a distinct increase in uncrosslinked HA 
group, which was consistent with the result reported in the literature 
[30,31]. In rhCol III groups, the dermis density was increased with the 
implant concentration. Up to 16.8% loss of dermis density was alleviated 
when the rhCol III concentration was 3.2 mg/mL. 

3.2. Skin histological analysis 

3.2.1. H&E staining 
The representative H&E staining images of different groups were 

showed in Fig. 3a (High magnification images of H&E Staining were 
provided in Fig. S2), and the epidermis and dermis thickness of skin 
were analyzed and showed in Fig. 3b–c. The results of the H&E Staining 
indicated the biocompatibility of the implanted materials, including no 
obvious inflammation or granuloma. The changes of epidermis and 
dermis thickness had similar patterns in different groups. According to 
the results, epidermis and dermis thickness changes in both blank and 
negative control groups were significantly higher than those in the 
normal group. Besides, the uncrosslinked HA group showed higher 
thickness data than that of the normal group but lower than those of 
blank and negative groups, while the insignificant difference implied 
that HA could not prove the positive effect on reducing the thickness of 
epidermis and dermis caused by UV radiation in this study. However, the 
suppression of rhCol III on the increase of epidermis and dermis thick-
ness was concentration-dependent, while a high concentration of rhCol 
III significantly reduced the increase of epidermis thickness compared 
with blank control and negative control groups, and epidermis thickness 
showed no difference compared with the normal group. 

Subcutaneous adipocytes were further investigated to disclose the 
influence of different implants. According to the H&E staining results, 
the total area of subcutaneous adipocytes was measured by image 
recognition technology. As the area changes of each group showed in 
Fig. 3d, the smaller areas in blank control, saline and HA than that in 
normal group illustrated both saline and HA could not inhibit the 
damage of adipocytes caused by photoaging, as reported in literature 
[32,33]. In contrast, the equivalent or increased areas in rhCol III groups 
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Fig. 1. Skin condition detected by CBS skin analysis system (a, Optical images captured by CBS skin analysis system (up) and negative images processed by CBS skin 
analysis system (down). b: Change of collagen content in the skin. c: Change of skin elasticity. d: Change of oil content in the skin). 
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comparing with the normal group indicated protection on adipocytes 
from UV radiation, which may contribute to better maintenance of skin 
surface smoothness and volume. 

3.2.2. Sirius red staining 
Col I and Col III composed the majority of ECM in skin dermis [34], 

which could be distinguished through Sirius Red staining and observed 
under polarizing microscope. Since Col I and Col III were imaged in red 
and green, respectively, the proportion of these two types of collagen in 
the entire visual field under the microscope could be quantitatively 
assessed using appropriate image identification and processing [35]. 
The representative Sirius Red staining and the quantitative analysis 

results were shown in Fig. 4a. It could be seen that both red and green 
colors were much sparser distributed in the blank control than those in 
the normal sample, which indicated the dermis damage and loss of Col I 
and Col III caused by the UV radiation. Together with the image 
recognition results, it could be found that the proportion of Col I in all 
experimental groups were significantly decreased comparing with the 
normal group, except the group injected with a high concentration of 
rhCol III, which was obviously higher than that of the negative control. 
The proportion of Col III in the blank control, the negative control and 
uncrosslinked HA decreased by 40.2% (p < 0.05), 55.9% (p < 0.01) and 
35.1% compared to the normal group, respectively. Meanwhile, the 
injection of uncrosslinked HA as an inert filler could not reduce the 

Fig. 2. Skin condition detected by ultrasonic inspection (a: Macroscopic appearance and ultrasonic image before and after dermal injection. b: Changes of dermis 
thickness. c: Changes of dermis density.). 
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dermis damage and collagen loss. Contrastly, the injection of rhCol III 
led to an increased and even distribution of both Col I and Col III in the 
dermis. The group of high concentration rhCol III showed significantly 
higher collagen content than other experimental groups and was 
comparative with the normal group, which demonstrated the dermis 
damage was reduced and new collagen was secreted and deposited 
under the effect of rhCol III. Although rhCol III could be stained by Sirius 
Red (as shown in Fig. S3) and could not be distinguished with the newly 
generated collagen, the total amount of implanted rhCol III was less than 
25.6 mg which accounted for around 1.8%–8.4% of the collagen in the 
skin tissue [36], even considering the implanted collagen was not 
degraded during the 8 weeks experimental period. Therefore, it could be 
inferred that the increased proportion of collagen according to the re-
sults of Sirius Red staining was mainly contributed by the newly 
generated collagen. 

3.3. Effect of rhCol III on expression of collagen, elastin and MMP3 

Chronic UV radiation can significantly inhibit the synthesis of type I 
and type III procollagen by inducing expression of c-Jun, which is a 
protein encoded by the JUN gene and interferes with procollagen 
transcription [37]. Expression of Col I and Col III can reflect the 
anti-photoaging effect of rhCol III and its ability to remodel the damaged 
matrix. The gene expression of Col I and Col III was displayed in 
Fig. 5a–b. In blank control and uncrosslinked HA groups, the Col I gene 
was down-regulated to lower than half of the normal group, which was 
basically consistent with the results showed in Sirius Red staining. The 
implantation of rhCol III mitigated the less expression of Col I with 

concentration interdependency. Col I gene expression was comparative 
to normal group when medium concentration rhCol III was applied, 
while the gene expression was significantly upregulated to 2.61-fold 
higher when the high concentration of rhCol III was applied. The 
expression change of Col III showed a similar pattern as that of Col I. 
Compared with the normal group, the Col III gene expression was cut by 
44.12%, 67.62% and 67.06% in the blank control, negative control and 
uncrosslinked HA groups, respectively. The experimental rhCol III 
groups exhibited higher Col III expression and were equivalent to the 
normal level. 

Loss of ECM and abnormal remodeling of elastin are the predominant 
pathological manifestations of skin photoaging. The upregulation of 
MMPs and elastin is one of the main driving forces of these indications 
[38,39]. Therefore, the expression of elastin and MMP-3 (also known as 
stromelysin-1) was focused to assess the influence of photoaging on cells 
and the results were shown in Fig. 5c. Since the elastin expression was 
increased by 3.11-fold and 7.64-fold in the blank control and uncros-
slinked HA groups comparing with the normal group, respectively, it 
could be inferred that UV light promotes abnormal elastin deposition 
and leads to increased expression of elastin in the skin. Even though the 
rhCol III groups showed insignificant difference with the normal group, 
the elastin gene was apparent down-regulated when high concentration 
rhCol III was implanted comparing with the blank control. As shown in 
Fig. 5d, the MMP3 expression increased by 287.64%, 533.15% and 
273.57% in the blank, negative control and uncrosslinked HA groups, 
respectively. By contrast, the effect of rhCol III on MMP3 gene expres-
sion was concentration-dependent, while the low concentration of rhCol 
III showed a significant down-regulation effect comparing with the 

Fig. 3. Histological images and analysis (a: H&E staining. Scale bars: 500 μm. b: Changes of epidermis thickness. c: Changes of dermis thickness. d: Proportion of 
total adipocyte area.). 
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negative control group. 

3.4. Effect of rhCol III on SOD, MDA and Hyp levels 

Exposure to UV light would produce massive amounts of reactive 
oxygen species (ROS) and cause DNA damage in skin tissue, associated 
with the generation of oxidative stress. In vivo, the level of ROS is 
regulated by antioxidants such as SOD and remains in a state of physi-
ological equilibrium [40]. The excess ROS produced by UV exposure 
would break this balance and lead to a decrease in SOD activity. 
Meanwhile, UV light accelerates lipid peroxidation and leads to an in-
crease of MDA [41]. Thus, SOD activity and MDA content were evalu-
ated to discuss the photoaging degree of skin tissue. As shown in Fig. 6a, 
the activity of SOD decreased by 33.70, 39.09and 32.19in the blank, 
negative control and uncrosslinked HA groups, respectively. When me-
dium concentration rhCol III was applied, the SOD activity was the 
highest among the groups, including the normal group. The MDA of all 
experimental groups showed insignificant different content, which 
reduced the discussion value. 

Hydroxyproline (Hyp) was the featured amino acid in collagen 
molecule, and the content of Hyp could be determined to evaluate the 
collagen content in the dermis and further reflect the degree of skin 

aging. Since the Hyp was not contained in rhCol III, the implantation of 
the material itself would not affect the hydroxyproline content in the 
harvested skin tissue. As exhibited in Fig. 6c, the content of Hyp in the 
blank control decreased significantly (p < 0.01) mainly owing to the loss 
of collagen caused by UV radiation, while that in groups implanted with 
rhCol III heightened along with the increase of rhCol III concentration. 
The significant increment of Hyp content in the high concentration 
rhCol III group indicated that the implanted biomaterial could promote 
the collagen secretion and deposit in ECM, which was consistent with 
the previous gene expression results determined by RT-qPCR. 

4. Discussion 

One of the strategies to repair the tissue defect in regeneration 
medicine is implanting medical devices to construct a suitable micro-
environment for host cells and further modulate the cell behaviors to 
secrete ECM or form new tissue. This in vivo tissue engineering strategy 
shows great potential in regeneration of tissues and will be beneficial to 
the patient in the future, while it raises high requirements for the 
implant. In skin tissue engineering, many kinds of materials have been 
investigated and their potential applications were explored, including 
natural macromolecules such as collagen, HA, etc. and synthetic 

Fig. 4. Sirius Red staining and analysis (a: Sirius Red staining images. Scale bars: 50 μm. b: Proportion of Col I. c: Proportion of Col III.)  
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Fig. 5. Relative gene expression determined by RT-qPCR (a–d: Col I, Col III, Elastin and MMP3).  

Fig. 6. Analysis of SOD, MDA and Hyp.  
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polymers such as polylactic acid (PLA), polyglycolic acid (PGA) etc. 
Among these diverse materials, recombinant humanized collagen is a 
kind of biosynthesized material with devisable amino acid sequence and 
prospective biological functions, while viral transmission and immu-
nological reaction risks are mostly avoided. Based on previous charac-
terization and understanding of recombinant humanized collagen type 
III (rhCol III), a skin damage model was applied to evaluate the bio-
logical effect of rhCol III in this study. 

There are many methods to establish an animal skin defect model, 
while chronic exposure to ultraviolet is a temperate and effective way to 
generate skin damage. The skin photoaging caused by UV radiation has 
main manifestations, including skin dryness and desquamation, thick-
ening, gradual loss of elasticity and subsequent formation of wrinkles, 
sun-induced dermatitis, telangiectasia, etc. [42]. UV radiation causes 
skin damage from several aspects, including the influence on cells, 
destruction of ECM, disturbance of secreted factors and other small 
biological molecules. Since Col I and Col III composes the majority of 
ECM in skin dermis, the implanted collagen may have an effect from all 
these aspects: it not only serves as the cell scaffold but also suppress the 
damage to cells and biological molecules caused by UV radiation. 
Therefore, the UV-photoaging model was adopted to establish a suitable 
skin defect model for the in vivo study of the biological effect of rhCol III 
in this study, and the pattern and parameters of UV radiation were 
confirmed based on literature reports and preliminary experiments. 

The non-invasive CBS skin analysis and ultrasonic inspection results 
demonstrated the photoaging animal model was successfully built since 
featured manifestations were observed and quantitatively analyzed in 
blank control. Also, the histological analysis of blank control achieved a 
consistent result. From the cell and ECM aspects, the UV radiation would 
lead to a decrease in the activity of dermal fibroblasts and even 
apoptosis [43], which also would induce a decrease in collagen pro-
duction in turn. As shown in our study, the collagen content in blank 
control decreased by 41.5% at 8 weeks postoperatively, which was the 
largest decline in all groups, meaning the severe skin damage caused by 
UV radiation. Since the amount of glycosaminoglycans in skin was 
increased due to photoaging [44], the loss of collagen would disturb the 
native dynamic balance of ECM and lead to the remodeling which 
affected the structure and function of skin [45]. Meanwhile, as reported 
in literature, the overexpressed ROS owing to the UV radiation would 
inhibit the activity of SOD [46], which was one of the most important 
antioxidant enzymes and the content in blank control declined to 66.3% 
of normal group. 

While the skin condition was mostly maintained or insignificant 
improved in both saline and uncrosslinked HA groups comparing with 
the normal group, the implantation of rhCol III improved the condition 
of photoaging skin with increased collagen content, skin elasticity and 
reduced the thickening of skin. In the aspect of influence on cells, rhCol 
III provided an ideal microenvironment for fibroblasts, including better 
cell adhesion and proliferation than saline and HA [47]. As previously 
reported, rhCol III applied in this study was composed of 16 tandem 
repeats of Gly483-Gly512 from the alpha chain of human type III 
collagen. The rich content of multiple charged amino acid residues, the 
triple-helical six-residue sequence of GFOGER [36] and triplets like 
GEK, GER et al. in recombinant collagen are potential to enhance the 
binding of integrins and further modulate cell recognition, adhesion and 
migration [48–50]. Furthermore, there were abundant integrin recog-
nition sites in rhCol III, such as GPAGEK, GAPGER and GPAGFR [15,51], 
which could interact with receptors on fibroblast surface, such as 
integrins α1β1, α2β1, and α11β1, to modulate cellular behavior, 
expression and remodeling of ECM [52–54]. As reported in literatures, 
the binding of integrins α1β1 and collagen promoted the proliferation of 
fibroblasts in a concentration-dependent manner [55], while integrins 
α2β1 increased the expression of Col I [56,57]. Also, the recognition sites 
for integrin α2β1 and α11β1 were beneficial for the remodeling of 
collagen network and further improve the mechanical performance of 
the damaged ECM, such as tensile strength of the tissue (skin elasticity) 

[52–54]. According to the RT-qPCR results in this study, the Col I and 
Col III gene expression were significantly up-regulated with implanta-
tion of rhCol III, comparing with the decreased expression in both blank 
control and uncrosslinked HA groups. Therefore, it could be inferred 
that the implanted rhCol III could not only promote the cell adhesion but 
indeed regulate the cell expression and behaviors. 

Although the cell-material interactions were not systematically un-
derstood yet, the increased collagen content and ameliorated skin 
elasticity results generated by fibroblast under the influence of rhCol III 
were exhibited. Both CBS and histological results demonstrated that the 
collagen content was raised in rhCol III groups than that in normal 
group, while the saline or HA filler was inert and led to almost same or 
lower collagen content. Except collagen synthesized owing to the in-
teractions between bioactive implant and cells which was discussed 
above, the increased collagen content in rhCol III groups also because of 
the reduced loss of collagen since the destruction of collagen network in 
the dermis was inevitable under the UV radiation, while the inert filler 
could not affect the cell behavior and then could not stop the reducing of 
collagen content. In this study, the RT-qPCR results illustrated that the 
gene expressions of elastin and MMP3 were maintained or down- 
regulated comparing with the normal group, while the expressions 
were increased in blank control, negative control and uncrosslinked HA 
groups. The over-expression of MMPs and elastase could destroy the 
compositional and structural integrity of collagen and elastin in ECM. 
Therefore, the inactive MMP3 gene expression could protect native 
collagen and elastic fibers from UV radiation and delay the loss of skin 
elasticity. Although the mechanism of cell-material interaction was not 
clearly understood, the amino acid sequence of rhCol III was one of the 
determining factors. Since rhCol III applied in this study was a bio-
synthesized protein which was encoded by and expressed from a specific 
human type III collagen gene, the amino acid sequence of rhCol III was 
totally same from the segment of native collagen, containing no 
redundant amino acid residue or fragment which might be introduced as 
label sequence or technology marker in some recombinant products. 
This pure and natural amino acid sequence did not include any recog-
nition site for discoidin domain receptors (DDR), activation of which 
would increase the expression of matrix metalloproteinases including 
membrane-type 1 (MT1-MMP), MMP1 and MMP2 [58–60]. These pro-
teases had high expression in control and uncrosslinked HA groups and 
led to high degradation of native collagen network. 

Disturbance of secreted factors and other small biological molecules 
is another aspect caused by UV radiation and needs discussion during 
skin regeneration. Particularly, UV radiation would cause over-
expression of ROS, which is a reduction product of oxygen in the body 
and could induce the activation of signaling molecules and pathways 
such as the nuclear factor-κB (NF-κB) and mitogen-activated protein 
kinases (MAPKs) pathway [61]. The activation of the MAPKs pathway, 
for instance, would increase the activity of transcription activator pro-
tein 1 (AP-1) either directly or indirectly. The enhanced AP-1 would 
decrease the effect of transforming growth factor-β (TGF-β), a cytokine 
that enhances collagen gene transcription and suppresses the 
over-proliferation of keratinocytes [62,63], and further interferes with 
the synthesis of Col I and Col III. Meanwhile, ROS and activated MAPKs 
pathway could activate NF-κB, enhancing inflammatory factors’ 
expression [64]. Increased AP-1 and inflammatory factors together 
would stimulate the expression of MMPs and elastase [65], the increased 
content of which could accelerate the degradation of ECM and structural 
disintegration of the dermis [66]. In addition, excess ROS could also 
directly oxidize the proteins in the upper dermis and impact the struc-
ture and function of the dermis. Therefore, the UV radiation generated 
massive ROS in the skin and disturbed the original componential and 
structural homeostasis [67]. Consequently, various natural or artificial 
products were applied to protect skin from ultraviolet generated ROS 
and damages to the skin, including collagen and its derivatives from 
different resources. Although some literature investigated the skin pro-
tection by oral administration of collagen or peptide [68,69], we 
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inclined to evaluate the antioxidant activity of rhCol III by in situ in-
jection. As one of the main matters which could clear ROS generated by 
UV radiation, SOD could be detected and considered as antioxidant 
activity index of implanted biomaterials. The results attained in this 
study illustrated that the implantation of medium concentration rhCol 
III had the highest SOD activity among the groups, which meant the 
most potent antioxidant effect. The antioxidant property of collagen 
may be derived from the high content of glycine (G), proline (p) and 
charged amino acid residues, like arginine (R), lysine (K) and glutamic 
acid (E) etc. [70,71]. In our study, rhCol III was rich in G, R, E and K, 
which were efficient in ROS capture and clearance. Therefore, it could 
be deduced that rhCol III possessed a strong antioxidant performance 
which was beneficial to prevent the photoaging caused by UV radiation. 

5. Conclusion 

Both biocompatible and functional evaluations are inevitable during 
a successful translation of biomaterial into an implantable medical de-
vice. Recombinant humanized collagen is a promising starting material 
for surgical implants and substrates for tissue engineered medical 
products, avoiding the disadvantages of animal-derived collagen. In this 
study, the biological effect of rhCol III was emphasized using a skin 
damage animal model. The results preliminarily approved that the rhCol 
III could provide a suitable microenvironment for host cells and 
initialize the cell-material interaction to remodel the ECM and achieve 
dermal homeostasis. The damaged skin could be repaired or regenerated 
better through promoting matrix synthesis and mitigating collagen and 
elastic fibers degradation when rhCol III was implanted than that of inert 
filler. Although more researches should be carried out to elucidate the 
mechanisms, our findings provided rigorous biosafety information of 
rhCol III and approved its potential in skin repair and regeneration. 
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