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Abstract 

Collagen made a tremendous impact in the field of regenerative medicine as a bioactive material. For decades, col-
lagen has been used not only as a scaffolding material but also as an active component in regulating cells’ biological 
behavior and phenotype. However, animal-derived collagen as a major source suffered from problems of immuno-
genicity, risk of viral infection, and the unclear relationship between bioactive sequence and function. Recombinant 
humanized collagen (rhCol) provided alternatives for regenerative medicine with more controllable risks. However, 
the characterization of rhCol and the interaction between rhCol and cells still need further investigation, including cell 
behavior and phenotype. The current study preliminarily demonstrated that recombinant humanized collagen type 
III (rhCol III) conformed to the theoretical amino acid sequence and had an advanced structure resembling bovine 
collagen. Furthermore, rhCol III could facilitate basal biological behaviors of human skin fibroblasts, such as adhesion, 
proliferation and migration. rhCol III was beneficial for some extracellular matrix-expressing cell phenotypes. The study 
would shed light on the mechanism research of rhCol and cell interactions and further understanding of effectiveness 
in tissue regeneration.
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1  Introduction
The interaction between cells and collagen is essential 
in the process of tissue development, disease, aging and 
even death [1–4]. Comprehension of the collagen and 
cell interactions is beneficial to searching for alternative 
strategies to achieve delayed aging, disease treatment, 
and tissue repair. However, native collagen is a big and 
complex protein family; even a single collagen molecule 
is composed of thousands of amino acids and abundant 
advanced structures. Given subtype and quaternary 
structures, animal-derived collagen contains multiple 
bioactive regions so it is challenging to identify the rela-
tionship between individual bioactive region and cell [5]. 
Furthermore, animal-derived collagen is subjected to 
the risk of immunogenicity and viral infection when it 
is applied as heterologous starting material for implants 
or medical devices [6]. The limitations of native collagen 
set obstacles to the wide application of collagen-based 
biomaterials.

Genetic recombination technologies have been uti-
lized to express different types of recombinant collagen 
or collagen-like proteins in bacterial or fungal hosts over 

the past 2 decades [7, 8]. With the assistance of modern 
computational simulations, more bioactive amino acid 
sequences or collagen segments could be identified and 
screened for further studies. Thus, recombinant collagen 
with screened or designed amino acid sequences could 
have specific bioactivity with high purity and low batch 
variation. At the same time, recombinant collagen has 
some shortcomings such as inadequate stability, fast deg-
radation rate, insufficient mechanical properties, etc. [9]. 
The reasons are various, and one of the strategies to com-
pensate the weakness is introducing additional amino 
acid sequences to form a triple helix or higher-order col-
lagen-like structures [10–13]. In other words, amino acid 
segments for increasing bioactivity and structural stabil-
ity may co-exist in the recombinant collagen to improve 
the application performance.

To date, more than ten different recombinant collagens 
have been shown to have a triple helix structure [14–16]. 
The retention of the recombinant collagen triple helix 
structure is crucial in ensuring that the material has a 
chemotactic function and high biological activity inher-
ited from animal collagen [10, 16, 17]. For recombinant 
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collagen, the hydroxyproline acid (Hyp) content largely 
determines the triple helix’s stability. However, Hyp 
is not a sufficient condition for forming the triple helix 
structure. Xu’s [18] team reported that E. coli lacking 
proline hydroxylase could express recombinant collagen 
with a triple helix structure. In tissues, triple-helix struc-
tures could be further assembled into more advanced 
supramolecular structures, known as the D-period. The 
D-period is an essential feature of collagen and is related 
to the biomechanical properties of the extracellular 
matrix (ECM) [19]. The investigators found that recom-
binant collagen also has the potential to assemble into 
collagen fibers with D-period and noted that the perio-
dicity of the sequence facilitates further assembly of the 
D-period [16]. Overall, recombinant collagen may form a 
multilevel structure similar to animal collagen by proper 
design.

Traditionally, collagen was considered to be a bio-inert 
ECM, functioning as a space-filling material to provide 
mechanical support and tissue integrity [20]. However, in 
recent years, it has been found that collagen contained a 
wide repertoire of bioactive sites, which interacted with 
receptors on the cell membrane surface to regulate the 
biological behavior of the cells [21]. These bioactive sites 
included all GxxGEx [22] integrin recognition sequences 
presented in collagen, such as GFOGER, GAOGER, 
GLOGER, and so on [23]. In addition, the collagen also 
comprised binding sites for discoidin domain receptors 
[24], OSCAR [25], A3 domain of vWF [26], LAIR-1 [27], 
Glycoprotein VI [28]. These receptors were involved in 
cell adhesion, proliferation, migration, inflammation acti-
vation, immune regulation, platelet activation, and tissue 
remodeling [23]. Therefore, recombinant collagen could 
be designed with the required functional and structural 
sequences depending on the actual context [29]. This 
“bottom–up” design of collagen structure and biological 
function opened the gateway to the application of colla-
gen-based materials in the field of regenerative medicine.

In our previous study, rhCol III could modulate cell bio-
logical behavior and promote ECM expression to allevi-
ate skin injury from photoaging in vivo [30]. In addition, 
rhCol III was used as a bioactive material in combina-
tion with a scaffold or carrier for chronic wound treat-
ment [31]. There is still a knowledge gap in the study of 
rhCol III, in terms of validating its multi-level structure 
and its effect on the basic biological behavior and ECM 
expression of fibroblasts. In this study, the characteriza-
tion of rhCol III was mainly focused on the component 
and structure, including the molecular weight, amino 
acid contents and their consistency with the theoretical 
design. Subsequently, the influence of rhCol III on human 
skin fibroblast (HSF) behavior was investigated, contain-
ing cell adhesion, proliferation, and migration. Finally, the 

promotive effects of rhCol III on the secretion of various 
extracellular matrices were explored by RT-qPCR and 
ELISA at the gene and protein levels. This study would 
provide detailed evidence to fill in the knowledge gap of 
understanding how designed rhCol could influence cell 
behavior, which might provide a strategy for tissue regen-
eration. This study would provide detailed evidence to 
fill in the knowledge gap of understanding how designed 
rhCol could influence cell behavior, which might provide 
a strategy for tissue regeneration.

2 � Materials and methods
2.1 � Materials
The lyophilized recombinant humanized collagen type 
III (rhCol III) was provided by Shanxi Jinbo Pharmaceu-
tical Co., Ltd. The structural information of rhCol III is 
indexed by the Global Protein Data Bank with PDB ID 
6A0A and 6A0C. Human skin fibroblast cell (HSF) was 
purchased from the National Collection of Authenti-
cated Cell Cultures, Shanghai, China. Isopropyl alcohol 
was purchased from Chron Chemicals, China. Phosphate 
buffered saline (PBS) powder was provided by Service-
bio, Wuhan, China. The preparation of bovine type I 
collagen was referred to an issued patent (China Patent 
No. CN109731136B). The characterization of bCol I was 
referred to Chinese pharmaceutical industry standard YY 
0954-2015 and bCol I met the requirements was applied 
in this study.

2.2 � Characterization of rhCol III
2.2.1 � Amino acid contents
The determination of amino acid content was referred 
to the assay method in GB 5009.124-2016 (a National 
Standard of the People’s Republic of China) with slight 
modifications. Briefly, 2 mL of rhCol (0.872 mg/mL) was 
hydrolyzed in 8 mL 6 M HCl in an ampoule at 115 °C for 
22  h; the test sample was prepared by vacuum drying 
the hydrolysate and dissolving to constant volume with 
double distilled water in a volumetric flask. A Hitachi 
LA8080 automatic amino acid analyzer (Tokyo, Japan) 
was utilized to determine the amino acid contents in 
rhCol III.

2.2.2 � Molecule weight and distribution
2.2.2.1  Mass spectrometry (HPLC–MS)  The molecule 
weight and its distribution of rhCol III were determined 
by high performance liquid chromatography–mass spec-
trometry (HPLC–MS). Briefly, rhCol III was dissolved 
with water to a concentration of 1 mg/mL. The attained 
rhCol III solution was separated on BioResolve RP mAb 
Columns (450A, 2.7 μm particle size, 3 mm × 100 mm). 
The mobile phase A was 0.1% TFA in double distilled 
water, and B was 0.1% TFA in acetonitrile. The sample 
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was loaded by the autosampler with 2 μL and separated by 
the column with a flow rate of 0.3 mL/min and UV detec-
tion at 210 nm. Samples were analyzed with a XevoG2-XS 
QTof mass spectrometer. Detection mode: positive ion 
scan, precursor scan, range: 500–4000 m/z. The raw data 
were processed by UNIFI (1.8.2, Waters) software with 
the following parameter settings (Table 1).

2.2.3 � Structure identification
The rhCol III samples were dissolved in PBS buffer 
(10 mM, pH 7.4) at a concentration of 1 mg/mL and held 
overnight at 4 °C before analyzing by circular dichroism 
spectroscopy, which was equipped with a Jasco J-1500 
spectropolarimeter [32]. The spectra were collected with 
three accumulations at the wavelength of 190  nm to 
300 nm, the path length of 0.1 cm, and a scanning speed 
of 50  nm/min. The baseline correction was performed 
using a PBS buffer.

The freeze-dried bovine collagen type I (bCol I, labo-
ratory self-made) and rhCol III sponges were used for 
Fourier transform infrared assay using Nicolet iS50 
(Thermo Fisher, USA). The background and samples 
were scanned 64 times in the wavenumber range of 
4000  cm−1–400  cm−1 with a resolution of 4  cm−1. The 
spectra were processed by automatic baseline calibration 
and 9 points smoothing for further analysis.

2.3 � Influence on cell behavior
2.3.1 � Cell adhesion
The cell specifically adhered to the two-dimensional sur-
face was quantified to evaluate the cell adhesion activ-
ity of the material, as described previously [33]. HSF 
was  used in the assay, and the sample solutions were 
prepared by dissolving the rhCol III, bCol I at a concen-
tration of 0.5 mg/mL, respectively. PBS buffer was used 
as blank control. The sample solutions were added to 
96-well microplates (CLS9018, corning, USA) at 100 µL/
well, and sufficient protein would be deposited on the 
well surface after being placed at 4  °C overnight. Then, 
the well was washed 2–3 times with PBS to remove 
non-adsorbed proteins, following an addition of 100 µL 
heat-inactivated BSA and incubation at 37  °C for 1  h 
to avoid non-specific cell adhesion. After rinsing the 
wells with PBS buffer, HSF was seeded at the density of 

1 × 105 cells/mL and cultured for 1 h. Subsequently, the 
non-adhered cells were washed off with PBS and incu-
bated with 100 µL of DMEM medium containing 10% 
Cell Counting Kit-8 (Biosharp, Labgic Technology Co., 
Ltd., China) for 30 min. The absorbance at 450 nm was 
read and recorded using a microplate spectrophotometer 
(ThermoMax Microplate Reader, Molecular Devices).

2.3.2 � Cell proliferation
The influence of rhCol III on HSF proliferation was stud-
ied using a Cell Counting Kit-8 method. Briefly, the HSF 
were seeded at 5,000 cells per well in a 96-well plate and 
cultured overnight in DMEM complete medium. Then, 
the medium was replaced by the medium containing 
rhCol III with a concentration of 0.01 mg/mL, 0.10 mg/
mL and 1.00 mg/mL, respectively. After culturing for 1, 
3, 5, and 7 days, CCK-8 kit was applied, and the solution 
absorbance was measured at 450 nm to evaluate the cell 
proliferation, while a parallel group without rhCol III was 
severed as the blank control.

2.3.3 � Cell migration
The cell migration assay using HSF was conducted fol-
lowing standard protocol. Firstly, 5000 cells/well HSF 
were seeded in a separate culture chamber of the Cul-
ture-Insert (Ibidi, Gräfelfing, Germany) and cultured to 
95% confluency. After removing the silicone barrier from 
the center of the Culture-Insert, the wells were washed 
with PBS buffer to eliminate the dead cells. Serum-free 
DMEM with or without rhCol III (0.2 mg/mL) was added 
to the well. The cell migration was imaged at different 
time points by a digital camera installed on an inverted 
microscope. According to the results assessed by Image-
Pro Plus Version 6.0 software, cell migration was quan-
titatively evaluated by relative migration rate using the 
following formula:

where A0 represented the initial scratch width, and At 
meant the scratch width after culturing for t hours, that 
was 24 or 72 h in this study, respectively.

2.4 � Influence on cell phenotype
2.4.1 � Gene expression determined by real‑time quantitative 

PCR (RT‑qPCR)
RT-qPCR was used to quantitatively analyze the 
expression of type I, III, IV and VII collagen expressed 
by fibroblasts. Total RNA was extracted using the 
RNAprep pure Cell/Bacteria Kit (Tiangen Biotech, Bei-
jing, China) according to the manufacturer’s protocol. 
cDNA template for PCR amplification was prepared by 
reverse transcription of total RNA (1000 ng) using the 

Relative migration rate (%) =
A0 − At

A0
∗ 100%

Table 1  MaxEnt1 processing

Peak width model TOF

TOF resolution 10,000

Input m/z range 700–1200

Output resolution 0.25 Da

Iterations 15
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RevertAid RT Reverse Transcription kit (Thermo Sci-
entific, USA). The specific primers used for RT-qPCR 
analysis (Table  2) were synthesized by Qingke Biol-
ogy (Chengdu, China). As recommended by the offi-
cial instruction manual, following thermal cycling was 
used. RT-qPCR was performed using the CFX96TM 
real-time PCR detection system (Bio-Rad, USA) with 
2 × EasyTaq® PCR SuperMix Supermix (TransGen Bio-
tech, Beijing, China). The gene expression level of each 
targeted gene was determined by the 2−��CT method. 
Target gene mRNA expression levels were normalized 
to the housekeeping gene GAPDH as an internal con-
trol for quantification.

2.4.2 � Extracellular matrix expression evaluated by enzyme 
linked immunosorbent assay (ELISA)

Fibroblast cells were cultured in DMEM medium with 
15% fetal bovine serum (Hyclone, UT, USA), 1% peni-
cillin–streptomycin (Hyclone, USA) and 0.2  mg/mL 
of rhCol III under a 5% CO2 humidified atmosphere 
at 37  °C, for 1 and 3  days. The cultured supernatant 
was collected to measure the contents of hyaluronic 
acid (HA) and type I collagen, respectively. The con-
centration of type I collagen and hyaluronic acid was 

measured by ELISA (Zhuocai Biotechnology Ltd., 
Shanghai, China). The absorbance at 450 nm was meas-
ured using a microplate spectrophotometer.

2.5 � Statistical analysis
All data are presented as mean ± standard deviation 
(n ≥ 3). Statistical analysis was performed using one-
way ANOVA unless otherwise noted. The differences 
between groups of *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001 were considered significant.

3 � Results
3.1 � Characterization of rhCol III
rhCol III applied in this study was encoded by a gene seg-
ment of human collagen type III (COL3A1_Human (Uni-
prot ID: P02461) Gly483-Pro512,  Single repeat amino 
acid sequence GERGAP GFRGPA GPNGIP GEKGPA 
GERGAP) and further expressed by E.coli with 16 times 
repeat [34]. The theoretical molecular weight of rhCol III 
was 44,755, Da according to the amino acid components 
in the sequence.

The mass spectrometry results presented in Fig.  1 
suggested a high purity of rhCol III and very nar-
row distribution of molecule weight. According to the 
mass spectrum, the molecular weight of rhCol III was 

Table 2  Primers for RT-qPCR Analysis

Forward Reverse

Collagen I F:5′-GTG​GCA​GTG​ATG​GAA​GTG​TG-3′ R:5′-AGG​ACC​AGC​GTT​ACC​AAC​AG-3′

Collagen III F:5′-ACC​AGG​AGC​TAA​CGG​TCT​CA-3′ R:5′-TCT​GAT​CCA​GGG​TTT​CCA​TC-3′

Collagen IV F:5′-AGG​TGT​CAT​TGG​GTT​TCC​TG-3′ R:5′-GGT​CCT​CTT​GTC​CCT​TTT​GTT-3′

Collagen VII F:5′-ACT​GTG​ATT​GCC​CTC​TAC​GC-3′ R:5′-GGC​TGT​GGT​ATT​CTG​GAT​GG-3′

GAPDH F:5′-AGA​CAG​CCG​CAT​CTT​CTT​GT-3′ R:5′-TTC​CCA​TTC​TCA​GCC​TTG​AC-3′

Fig. 1  Mass spectrometry analysis of rhCol III
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primary at 44,757.8  Da, which validated the agreement 
with the theoretical molecular weight 44,754.93 Da. The 
slight deviation of molecular weight from theoretical 
value might because of the different protonation degree 
of the side groups, which included guanidine group 
(pKa = 12.10) and amino group (pKa = 4.15) according to 
the amino acid sequence in the repeat unit of rhCol III.

The amino acid contents of rhCol III were shown in 
Table  3. Nine amino acids were detected in rhCol III, 
and the contents were very close to the theoretical val-
ues, which could be calculated according to the amino 
acid sequence of segment Gly483-Pro512 in human col-
lagen type III. Meanwhile, no additional amino acid such 
as histidine (His) was detected in rhCol III, which meant 
no protein tag was included in the recombinant collagen 
since His was only utilized in the protein tags.

Circular dichroism was used to assess the presence of 
the triple helix structure in rhCol III and the stability of 
the triple helix structure compared to bCol I. As shown 
in Fig.  2, the circular dichroism spectra revealed that 
both the rhCol III and bCol I possessed advanced struc-
ture characteristics, as evidenced by the negative peak 
near 207–208 nm and the positive peak near 221–222 nm 
[35]. Therefore, it could be inferred that rhCol III might 
have similar advanced structures as native bCol I, which 
had the triple helix as a principle feature. In addition, the 
ratio of the positive peak intensity to that of the negative 
peak (Rpn) was usually used to evaluate the triple helix 
content in advanced structures of collagen [10]. In this 
study, Rpn values of rhCol III and bCol I were 0.24 and 
0.48, respectively.

FTIR spectroscopy (Fig. 3) was used to verify the rhCol 
III triple helix structure and the structural differences 
between rhCol III and bCol I. The characteristic peaks 
of collagen, such as amide A, amide B, amide I, amide 
II and amide III are considered to be associated with 

their secondary structures. As could be seen in Table 4, 
rhCol III and bCol I showed the same wavenumber of the 
amide I band, and the amide III in rhCol III blue-shifted 
and had an individual absorption peak at 1260  cm−1, 
which might attribute to the random coil components 
as reported [36]. The Amide III / A1450 of rhCol III was 
lower than that of bCol I demonstrating the low content 
of triple helix structures in rhCol III compared to bCol I, 
which was consistent with the CD spectroscopy results. 
Furthermore, the amide A band of rhCol III was red-
shifted, which suggested that rhCol III involved more 
hydrogen bonds in maintaining the triple helix structure 
compared to bCol I [37].

3.2 � Influence of rhCol III on cell behaviors
The recognition of contact sites on collagen and inter-
actions between cell and extracellular matrix were 
imperative for cell behaviors and phenotype, including 

Table 3  Amino acid content of rhCol III

Amino acid (AA) AA number 
per repeat 
unit

Theoretical 
absolute 
content/mg/mL

Actual absolute 
content/mg/mL

Gly 10 0.20 0.19

Glu 3 0.12 0.11

Arg 3 0.14 0.14

Ala 4 0.09 0.10

Pro 6 0.18 0.18

Phe 1 0.04 0.04

Asn 1 0.04 0.03

Ile 1 0.03 0.03

Lys 1 0.04 0.040

Total 30 0.87 0.86

Fig. 2  Circular dichroism spectra of rhCol III and bCol I

Fig. 3  FTIR spectra of rhCol III and bCol I
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cell adhesion, proliferation, migration, and functional 
expression [38, 39]. As previously described, abun-
dant cellular recognition sites were contained in rhCol 
III [30], some of which could interact with multiple 
receptors on the cell surface. These interactions might 
affect a series of biological behaviors of the HSF [40, 
41].

3.2.1 � Cell adhesion
As one of the main interactions between cell and matrix, 
cell adhesion was generally firstly determined to clarify 
the specific interactions. In this study, bCol I was used 
as a positive control to investigate the influence of rhCol 
III on HSF adhesion. As the results shown in Fig. 4, only 
a few adhered cells were observed in the PBS group, in 
which BSA shielded the majority of non-specific sites on 
the plate and phosphate did not interact specifically with 
fibroblasts. In comparison, the cell adhesions in both 
rhCol III and bCol I groups were significantly higher 
than that in PBS group. Meanwhile, the cell adhesion 
in bCol I group was insignificantly lower than that in 
the rhCol III group (p < 0.1086). The different cell adhe-
sion performance in two groups might be caused by the 
distinct proportion of “bioactive sites” such as integrin 
recognition sites in bCol I and rhCol III. The rhCol III 
with  a specifically chosen amino acid sequence con-
tained a higher proportion of integrin recognition sites 
compared with that in bCol I, while evidences indicated 
that bCol I preserved a higher content of the triple helix 
structure.

3.2.2 � Cell proliferation
Both cytotoxic and the influence of rhCol III on HSF pro-
liferation could be evaluated by CCK-8 assay, and the rel-
ative growth rates (RGR) of different groups were shown 
in Fig.  5. According to the cytotoxic evaluation crite-
ria, the RGR in the rhCol III containing groups were all 
higher than that in the blank control group at all inspec-
tion time points, which meant rhCol III was nontoxic on 
HSF. Meanwhile, the cell proliferation increased in differ-
ent concentrations of rhCol III containing groups with 
maximum RGR appearing in distinct culture courses. 
Specifically, the RGR increased in the whole culture 
course of 7 days in the low rhCol III concentration group 
(0.01 mg/ml), while the maximum RGR was achieved in 
5 days and 3 days in middle concentration (0.1  mg/ml) 
and high concentration (1.0 mg/ml) groups, respectively. 
Therefore, it could be considered that rhCol III was posi-
tive in promoting cell proliferation, and the high rhCol III 
concentration could obviously accelerate cell prolifera-
tion in the short term. In contrast, the low rhCol III con-
centration could promote cell proliferation in a mild but 
long-lasting pattern, leading to the highest RGR among 
all groups.

3.2.3 � Cell migration
Cell migration was a highly integrated and complex pro-
cess that was a fundamental empirical investigation in 
biomedical application research. Wound healing in  vivo 
was dominated by multiple factors, among which the 
migration rate of the cell was likely to play a crucial role 

Table 4  FTIR spectra characteristic peaks of bCol I and rhCol III

Amide A/cm−1 Amide B/cm−1 Amide I/cm−1 Amide II/cm−1 Amide III/cm−1 Amide III/A1450

bCol I 3,305 2,920 1,653 1,545 1237 1.08

rhCol III 3,291 2,963 1,653 1,542 1240, 1260 0.93, 1.00

Fig. 4  HSF adhesion in different groups
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[42]. Cell migration was regulated by the local micro-
environment, such as ECM rigidity, signaling factors 
and ligands on the ECM [43]. Although fast cell migra-
tion was not optimal for tissue repair, it could acceler-
ate wound closure to reduce infections and the onset of 
pain and achieve a shortened healing period [44]. Cell 
scratch assay was applied to investigate the influence of 
rhCol III on HSF migration in  vitro in this study. Fig-
ure 6a, b showed the pictures of HSF migration and the 
corresponding relative migration rates for the blank and 
rhCol III groups, respectively. The relative migration rate 
of rhCol III group was 38.63% after culturing for 24  h, 
which was significantly higher than that of the blank con-
trol group (16.02%). The confluence in rhCol III group 
was around 97.10% at 72 h, while that in the blank control 

group was only 63.19%, suggesting an evidently positive 
influence of rhCol III on HSF migration (p < 0.01).

3.3 � Influence of rhCol III on cell phenotype
It was reported that abundant integrin recognition sites 
and advanced structures similar to the native triple helix 
could endow recombinant collagen with a better biologi-
cal activity to regulate the cell phenotype [45]. Collagen 
family and hyaluronic acid were the main components of 
skin ECM [46, 47], and the effective modulation of these 
ECM could potentially improve poor tissue defect repair.

3.3.1 � Gene expression
To analyze the influence of rhCol III on HSF gene expres-
sion, TGF-β was chosen as a positive control because of 

Fig. 5  Toxicity and proliferation of HSF treated by rhCol III

Fig. 6  Relative migration rate of HSF treated by rhCol III (paired T test.)
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its well-known stimulation of fibroblasts. As the results 
of RT-qPCR shown in Fig. 7, the gene expression of col-
lagen type I, type IV and type VII increased 59.00%, 
70.33% and 59.33% in rhCol III group, respectively. 
Moreover, the increase was significant compared with 
the gene expression in the blank group at the same time 
point. At the same time, the collagen type III gene was 
insignificantly up-regulated in rhCol III group compared 
with the blank group. It was reported that collagen type 
III was firstly expressed preceding other collagen sub-
types during the wound healing process [48]. The intro-
duction of exogenous human gene encoded collagen type 
III segments might not increase the expression of Col III 
and construct a suitable cell microenvironment for fur-
ther functional expression, which was beneficial for the 
expression of other ECM components and accelerated 
wound healing. As a widely used cell stimulator, TGF-β 
up-regulated all four subtypes of collagen obviously with-
out selectivity, which might increase the risk of collagen 
over-expression. In contrast, rhCol III could mildly and 
selectively up-regulate the gene expression, which might 
be an important advantage in the application.

3.3.2 � ECM expression
ELISA assay was used to analyze the effect of rhCol III 
on the expression of type I collagen and hyaluronic acid. 
On the first day, the results of ELISA (Fig.  8) showed 
that both rhCol III (p < 0.001) and TGF-β (p < 0.05) sig-
nificantly enhanced the expression of type I collagen. 
Moreover, the expression of type I collagen in the rhCol 
III group was 2.65 times higher than that of TGF-β. How-
ever, the three experimental groups regarding hyaluronic 
acid content ranged from 7.701–7.902 ng/mL, and there 
was no significant difference among all three groups. 
Up to the third day, the content of type I collagen in the 

three experimental groups was increased compared to 
the first day. The content of type I collagen in the rhCol 
III (p < 0.05) and TGF-β (p < 0.05) groups were still higher 
than that of the blank control group, but there was no 
significant difference between each of them. Intrigu-
ingly, there was a significant increase in hyaluronic acid 
expression in the rhCol III (p < 0.05) and TGF-β groups 
(p < 0.01). Although the TGF-β group had the high-
est amount of hyaluronic acid, the rhCol III and TGF-β 
groups had similar amounts of hyaluronic acid and 
showed no significant differences. The above two sets of 
data validated that rhCol III could promote the secretion 
of ECM at the gene and protein levels, which was com-
pelling evidence for rhCol III as a prospective candidate 
to be used for tissue repair and regeneration.

4 � Discussion
As a major component of the ECM, collagen not only 
contributes to the mechanical strength of tissues but also 
participates in the regulation of inflammation and pro-
motes angiogenesis and ECM remodeling during tissue 
injury repair [49]. Collagen type III, an important mem-
ber of the collagen superfamily, consists of three identi-
cal left-handed helix α1 chains twisted together to form 
a right-handed superhelix, the so-called triple helix [50]. 
During the early stage of wound repair, increased expres-
sion of collagen type III forms a temporary matrix that 
directs inflammatory cells and fibroblasts to the wound 
site [51].

It is known that native collagen has a hierarchical 
structure, which is crucial for molecular recognition and 
collagen function. The components and structural prop-
erties of rhCol III were verified by HPLC–MS, amino 
acid content analysis, FTIR and CD spectroscopy. The 
HPLC–MS results showed that the molecular weight 
of rhCol III was consistent with the theoretical design. 
The amino acid content analysis further demonstrated 
that rhCol III was correctly expressed and purified. The 
amino acid sequence served as the primary structure of 
rhCol III, and its correct expression was beneficial for the 
assembly of advanced structures and the correct recog-
nition of multiple cellular receptors [52]. The CD spec-
troscopy results showed that rhCol III had characteristic 
negative and positive peaks, respectively, similar to that 
of the native collagen. FTIR further demonstrated that 
rhCol III had the feature of  the triple helix and hydro-
gen bonds were engaged in the maintenance of the triple 
helix structure [37]. The rhCol III sequence was com-
posed of a high proportion of amino acid sequences with 
staggered positive and negative charges, such as GEK, 
GER, which may cause the formation of axial charge pairs 
between the collagen chains. To some extent, this facili-
tated the stabilization of the triple helix structure even 

Fig. 7  Effect of rhCol III and TGF-β on ECM expression of HSF at the 
gene level (collagen I, collagen III, collagen IV and collagen VII)
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without proline hydroxylation [53]. Jeffrey D. Hartgerink 
etc. reported that protein chains could assemble into tri-
ple helix structures by a specific manner of electrostatic 
interactions [54], which might be caused by the side 
chain’s charge magnitude and spatial structure. Although 
this specific interchain interaction might be a significant 
reason for forming the triple helix structure in rhCol III, 
the absence of hydroxyproline markedly reduced the tri-
ple helix content in rhCol III than that in animal-derived 
collagen, as showed by CD and FTIR spectra.

The preliminary results suggested rhCol III exhibited 
an excellent promotion effect on HSF adhesion, prolif-
eration and migration. The cell-material interactions 
might be sophisticated and the possible reasons could be 
explained as following. As the major receptor family on 
the cell surface, integrins were responsible for cell adhe-
sion to the surrounding extracellular matrix. rhCol III 
contained abundant integrin recognition sites, such as 
GAPGER, which accounted for about 60% of the entire 

sequence [30]. The content of the integrin recognition 
sequence in rhCol III was significantly higher than that 
of bCol I, leading to a higher probability of interacting 
with integrins. This meant that rhCol III had a higher 
probability of interacting with integrins. It was reported 
in literatures that collagen and its derivatives could pro-
mote cell proliferation directly or indirectly because of 
the interaction between collagen and integrins α1β1 and 
α11β1 on the cell surface [55–57]. The migration of cells 
was achieved by a continuous cycle of multi-step cellu-
lar behavior, which included cell edge protrusion, ECM 
adhesion, cell body contraction, and cell tail de-adhesion 
[58]. Cell adhesion to the substrate material was criti-
cal for the cytoskeleton to generate the force that would 
drive cell migration [59]. However, cell adhesion activity 
and migration velocity were not a linear relationship, and 
the fastest migration velocity results from a net adhesion 
level of intermediate strength. As previously described 

Fig. 8  Effect of rhCol III and TGF-β on ECM expression of HSF at the protein level (collagen I and hyaluronic)
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for the cell migration step, the increased adhesion slowed 
the detachment of the cell tails from the substrate [60].

As one of the most abundant cells in connective tissues, 
the primary function of fibroblasts is to produce ECM 
for engaging in dynamic tissue remodeling [10]. Skin 
regeneration is limited by tissue modulation and repair 
capabilities, which may lead to defective ECM remod-
eling and massive loss of the original tissue structure 
and function [22]. Based on the current RT-qPCR and 
ELISA results, it could be hypothesized that the bioac-
tive sites in rhCol III could be recognized by receptors 
on cell surface, had a positive interaction with HSF and 
further promoted the secretion of ECM at the gene and 
protein levels. The collagen I expression was not synchro-
nously up-regulated as gene expression in TGF-β group 
on the first day and gradually increased on the third 
day according to the ELISA results, since the change of 
protein expression was generally delayed to that of gene 
expression. In rhCol III group, it could be hypothesized 
that rhCol III interacted with cells via surface receptor 
integrin, which could mainly influence cell adhesion and 
proliferation. Therefore, the up-regulation of collagen 
I gene in rhCol III group was not as obvious as that in 
TGF-β group, while the protein expression was greatly 
maintained on the first day leading to a higher collagen I 
expression. Because the strong influence of growth factor 
on cell phenotype, the ECM expressions were eventually 
increased to a comparable or even higher level than those 
in rhCol III group. These results demonstrated that rhCol 
III had excellent potential to promote fibroblast extracel-
lular matrix expression, especially in the early stages.The 
literature reported that GAPGER, a segment in rhCol III, 
was the binding motif for integrin α2β1 [23], the binding 
of which could enhance collagen synthesis in fibroblasts 
[61]. Meanwhile, several studies had demonstrated that 
there was a similar upregulation trend of hyaluronic acid 
when collagen expression was up-regulated by stimulat-
ing fibroblasts [62].

5 � Conclusion
The rhCol III characterized in this study conformed to 
the theoretical design from both component and struc-
ture aspects. As suggested by CD and FTIR spectra, the 
rhCol III chains could assemble into a triple helix struc-
ture which was similar to animal-derived collagen. The 
in  vitro cell culture with rhCol III indicated that rhCol 
III had a noticeable influence on HSF behaviors as well 
as cell phenotype. Specifically, rhCol III significantly 
promoted cell adhesion, proliferation, and migration. 
At the same time, it enhanced the secretion of collagen 
and hyaluronic acid. The mechanism of cell-material 
interaction was not clearly understood yet, but it might 

be closely related to the similar triple-helix structure to 
native collagen and abundant integrin recognition sites 
in rhCol III. More molecular biology tests would provide 
more solid evidence in the future, which would support 
rhCol III as a prospective candidate for tissue repair and 
regeneration.
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