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A B S T R A C T   

Collagen XVII (COL17) is a transmembrane protein that mediates skin homeostasis. Due to expression of full 
length collagen was hard to achieve in microorganisms, arising the needs for selection of collagen fragments with 
desired functions for microbial biosynthesis. Here, COL17 fragments (27–33 amino acids) were extracted and 
replicated 16 times for recombinant expression in Escherichia coli. Five variants were soluble expressed, with the 
highest yield of 223 mg/L. The fusion tag was removed for biochemical and biophysical characterization. Cir
cular dichroism results suggested one variant (sample-1707) with a triple-helix structure at >37 ◦C. Sample-1707 
can assemble into nanofiber (width, 5.6 nm) and form hydrogel at 3 mg/mL. Sample-1707 was shown to induce 
blood clotting and promote osteoblast differentiation. Furthermore, sample-1707 exhibited high capacity to 
induce mouse hair follicle stem cells differentiation and osteoblast migration, demonstrating a high capacity to 
induce skin cell regeneration and promote wound healing. A strong hydrogel was prepared from a chitosan and 
sample-1707 complex with a swelling rate of >30 % higher than simply using chitosan. Fed-batch fermentation 
of sample-1707 with a 5-L bioreactor obtained a yield of 600 mg/L. These results support the large-scale pro
duction of sample-1707 as a biomaterial for use in the skin care industry.   

1. Introduction 

Collagen is the most abundant protein in mammals, accounting for 
about 30 % of the total protein mass [1], and a fundamental component 
of the extracellular matrix of the skin, cartilage, tendon, brain, liver, 
lung, heart, kidney, and bone [2]. To date, 28 types of collagen have 
been identified and are classified based on molecular function, supra
molecular organization, and distribution in tissues [3]. Collagen-based 
biomaterials are biocompatible and widely applied for repair of de
fects to cartilage, bone, and skin, in addition to dental implants [4]. 
Human collagen types I, II, III, V, X, and XVII are mainly used as com
ponents of skin care products, supplements, as well as various foods and 
beverages, with a global market value of 9.76 billion USD in 2023 

(Report ID: GVR-1-68,038-835-0 from Grand View Research). 
Commercially available collagen is mainly extracted from animal tis
sues. However, due to the high price and low efficiency [5], more 
cost-effective sources of functional collagen for use as biomaterials are 
needed [6]. 

The use of genetic engineering technology with microorganisms to 
produce human collagen offers the advantages of low cost, clear genetic 
backgrounds, biocompatibility, biodegradability, and low risk of im
mune rejection [7,8]. Recombinant expression of human collagen in 
Escherichia coli was achieved by co-expressing proline hydroxylase to 
enable collagen self-assembly [9]. The resulting hydroxylated collagen 
formed a triple helix with a yield of 90 mg/L. Our group previously used 
a constitutive promoters to induce collagen recombinant expression, 
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obtaining a yield of 229 mg/L [10]. However, maintaining the 
triple-helix structure and bioactivity of naturally produced collagen 
remains challenging through microbial recombinant expression system. 
Therefore, it is important to identify collagen fragments resist to pro
tease cleavage that are suitable for microbial expression and also able to 
self-assemble. 

Type XVII collagen (COL17) is a type II transmembrane protein 
expressed in the epidermal basement membrane that influences differ
entiation of hair follicle stem cells (HFSCs) [11,12]. Expression of 
COL17 is strictly regulated, the downregulation of COL17 can lead to 
skin aging, atrophy, fragility, discoloration, and alopecia [13,14]. 
Similar to other types of collagen, COL17 assembles into a triple-helix 
structure relied on conserved G-X-Y repeats, where X and Y are mostly 
proline and hydroxyproline residues [12]. The bioactivity of COL17 is 
supported by functional domains, such as the collagenous domains, 
which are associated with hemidesmosomal and extracellular matrix 
proteins to maintain the skin health [15]. Biosynthesis of full length 
collagen with the use of microorganisms is challenging because the 
full-length molecule is insoluble [16]. The sequence composition and 
the structure of collagen are related to their bioactivities, highlighting 
the need to identify key functional domains of appropriate lengths for 
recombinant expression in microorganisms. 

The aim of this study was to identify appropriate fragments of human 
COL17 with the ability for self-assembly and exhibiting COL17 func
tions, moreover, can be recombinant expression in E. coli. The COL17 
fragments selected for recombinant expressed in E. coli varied in length 
from 27 to 33 amino acids. The fusion tag TrxA was used to benefit the 
soluble expression of COL17 variants and removed after purification. 
Circular dichroism (CD) was applied to confirm triple-helix assembly of 
the purified COL17 fragments. The capacity of the variants to form a 
higher-order structure was assessed by scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), atom force microscopy 
(AFM), and viscoelasticity analysis. Also, in vitro and in vivo blood 
clotting tests and the bioactivity assay were conducted to evaluate the 
capacity of the identified COL17 variants to induce differentiation of 
osteoblasts and regeneration of skin cells. In addition, the swelling ca
pacity of a hydrogel prepared using a complex of chitosan and a COL17 
variant was evaluated. 

2. Materials and methods 

2.1. Study approval 

The protocol of the animal study was approved by the Institutional 
Animal Care and Use Committee of Jiangnan University (JN. No. 
20211030p0020301[431]), and conducted in accordance with the 
Guide for the Care and Use of Laboratory Animals (https://www.ncbi. 
nlm.nih.gov/books/NBK54050/). 

2.2. Strains and plasmids 

COL17 variants were expressed in E. coli BL21 (DE3) cells. The genes 
encoding for COL17 fragments were synthesized by GenScript Biotech 
Co., Ltd. (Nanjing, China) and ligated into a pET-32a(+) plasmid via 
KpnI and BlpI restriction sites. The selected fragments (Table 1) were 
replicated 16 times for gene synthesis and recombinant expression 
(Table S1). 

2.3. Recombinant expression 

E. coli cells were transformed with pET-32a(+) carrying the expres
sion cassettes of the COL17 variants. Single colonies obtained after 
transformation were cultivated in Luria–Bertani (LB) broth supple
mented with ampicillin (50 μg/mL) at 37 ◦C for 10 h. The seed culture 
was cultivated in Terrific broth supplemented with ampicillin (50 μg/ 
mL) at 37 ◦C. Protein induction by supplementation with 0.01 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG) and continued until the 
OD600 reached 1.2. Afterward, cultivation was continued at 20 ◦C for 20 
h. 

2.4. CD spectroscopy 

For CD spectroscopy, the samples were diluted to 0.2 mg/mL in 
phosphate-buffered saline (PBS) at pH 7.5 and pre-incubated at 4 ◦C for 
12 h. The CD spectra were obtained using Chirascan™ Circular Di
chroism Spectrometer (Applied Photophysics Ltd., Leatherhead, UK) 
equipped with a Peltier temperature controller (model 110-OS; Hellma 
GmbH & Co. KG, Müllheim, Germany) with the use of quartz cuvettes 
(model 110-OS; optical path length, 1 mm; Hellma GmbH & Co. KG). 
The spectra were obtained at wavelengths 190–250 nm. The melting 
temperature (Tm) was calculated from standard curves obtained from 
changes in ellipticity at 220 nm during the heating process (0–70 ◦C at 
1 ◦C/min). 

2.5. Microscopy and analysis 

For TEM analysis, samples were diluted to 1 mg/mL in PBS (pH 7.5) 
and incubated at 4 ◦C for 3 days. The sample solution was absorbed onto 
a copper grid for 1 min and excessive solvent was removed using filter 
paper. Samples were negatively stained with 0.75 % phosphotungstic 
acid prior to imaging using a transmission electron microscope (model 
H-7650; Hitachi High-Technologies Corporation, Tokyo, Japan). For 
SEM analysis, the samples were prepared at 3 mg/mL and incubated at 
4 ◦C until hydrogel formation. Then, the samples were lyophilized and 
visualized with a scanning electron microscope (model SU8220; Hitachi 
High-Technologies Corporation). For AFM analysis, samples were pre
pared to 0.001 mg/mL and immobilized non-covalently on a hydrophilic 
mica surface to let air-dry of these samples. The AFM images were 

Table 1 
Properties of the COL17 variants analyzed in this study.  

Sample no. Sequence Antimicrobial activity Net charge at pH 7 Hydrophobicity pI Tm 

1701 GPKGDRGPAGPPGHPGPPGPRGHKGEKGDK 2.48 3.18 0.25 11.21 − 0.4 
1702 GDRGPAGPPGHPGPPGPRGHKGEKGDKGDQ 2.77 1.18 0.31 10.12 7.1 
1703 GDRGPAGPPGHPGPPGPRGHKGEKGDK 2.58 2.18 0.26 10.92 − 2.7 
1704 GEKGERGAAGEPGPHGPPGVPGSVGPKGSS 1.34 0.09 0.05 7.76 − 17.8 
1705 GLRGEVGLPGVKGDKGPMGPPGPKGDQGEK 1.47 1.00 0.08 10.12 0.2 
1706 GEVGLPGVKGDKGPMGPPGPKGDQGEKGPR 1.63 1.00 0.11 10.12 11.7 
1707 GLPGVKGDKGPMGPPGPKGDQGEKGPRGLT 1.46 2.00 0.07 10.92 10.1 
1708 GVKGDKGPMGPPGPKGDQGEKGPRGLTGEP 1.85 1.00 0.16 10.12 13.4 
1709 GDKGPMGPPGPKGDQGEKGPRGLTGEPGMR 2.22 1.00 0.16 10.12 12.8 
1710 GPPGPPGPQGPKGDKGDPGVPGALGIP 0.37 − 0.002 − 0.17 6.75 22.8 

The COL fragments were extracted using our developed python script. 
The properties including antimicrobial activity, net charge, hydrophobicity, pI, and Tm were calculated using python peptides script. 
The script for fragmentation and property evaluation was deposited in GitHub, at COL_extract folder:https://github.com/wangxinglong1990/COL_design. 
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obtained using a Dimension ICON (Bruker Optik GmbH, Leipzig, Ger
many). The sample width was measured using ImageJ software (htt 
ps://imagej.net/ij/). 

2.6. Cell cultivation 

L929 fibroblasts (American Type Culture Collection, Manassas, VA, 
USA) were initially cultivated for 48 h in cultivating medium supple
mented with 10 % (v/v) fetal bovine serum (Ausbian, Sydney, Australia) 
and 1 % (v/v) penicillin-streptomycin. Afterward, the cells were trans
ferred to a new plate at 104 per well and cultivation was continued for 
12 h to enable cell adhesion. Then, 10 mL of cultivating medium sup
plemented with 2 mg/mL of collagen sponges were added. Following 
cultivation for 48 h, the cells were counted using a CCK-8 Kit (Sangon 
Biotech Co. Ltd., Shanghai, China). The proliferation rate was calculated 
as the total number of cells after cultivation divided by the total number 
of cells before cultivation. 

MC-3T3 cells and mouse hair follicle stem cells (HFSCs, American 
Type Culture Collection) were pre-cultivated in minimum essential 
medium (Gibco™; Invitrogen Trading (Shanghai) Co., Ltd., Shanghai, 
China) supplemented with 10 % (v/v) fetal bovine serum and 1 % (v/v) 
penicillin-streptomycin. Then, the cells (104/well) were loaded into the 
wells of a new plated and supplemented with 2 mg/mL of collagen 
sponges. The cells were cultivated for 12 h to allow for adhesion. Finally, 
the cells were washed with PBS and counted using a CCK-8 Kit. The 
adhesion rate was calculated as the number of adherent cells divided by 
the number of seeded cells. 

2.7. Cell migration assay 

For the cell migration assay [17], 5 × 105 MC-3T3 cells were plated 
and incubated to 95 % confluency. A scratch was made using pipette. 
Then, cultivating solution consisting of minimum essential medium 
supplemented with 10 % (v/v) fetal bovine serum and 1 % (v/v) 
penicillin-streptomycin with 2 mg/mL of collagen sponges was added. 
After 48 h, the scratch wound was imaged and calculated using ImageJ 
software. 

2.8. Blood clotting test 

The in vitro blood clotting test was conducted using platelet-poor 
plasma (Gibco, Shanghai, China) [18]. The blood was centrifuged at 
2000×g for 10 min. Then, the supernatant was collected and supple
mented with 2 mg/mL of collagen sponges. After incubation at 25 ◦C for 
30 min, the supernatant was collected and quantified using a CCK-8 kit. 

In vivo blood clotting assay using the mice (7–8 weeks), the tail of 
each mice was cut 1 cm from the tip. Collagen solution prepared at 2 
mg/mL was applied to the wound. The process was recorded and the 
amount of bleeding was measured to evaluate the coagulation 
efficiency. 

2.9. Real-time quantitative polymerase chain reaction (RT-qPCR) 

Total RNA was extracted using TRIzol reagent (Invitrogen Corpora
tion, Carlsbad, CA, USA), reverse-transcribed into complementary DNA 
using a One Step RT-qPCR Kit (Sangon Biotech Co. Ltd.), and quantified 
by RT-qPCR analysis using a QuantStudio3 RT-qPCR instrument 
(Thermo Fisher Scientific, Waltham, MA, USA) with the primers listed in 
Table S2. Gene expression levels were normalized against expression of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

2.10. Swelling rate calculation 

Hydrogels were prepared by mixing chitosan with collagen sponges 
obtained in this study. Composite hydrogels (CC-25 % and CC-50 %) 
were prepared with 10 or 30 g of sample-1707 with 30 g of chitosan. 

Chitosan was dissolved in 1 % (v/v) acetic acid solution and then mixed 
with collagen sponges. The mixture was heated to 80 ◦C and then cooled 
down to room temperature for 1 h. The hydrogel was used to cultivate 
mouse blood at 25 ◦C and then washed with PBS. The swelling rate was 
calculated as the weight after incubation divided by the initial weight. 

2.11. Fed-batch fermentation 

Fed-batch fermentation was conducted using a 5-L bioreactor (T&J 
Bioengineering, Shanghai, China). E. coli cells were cultivated in 25 mL 
of LB medium for 12 h at 37 ◦C and then transferred to a 3-L fermen
tation system containing yeast extract, (NH4)2SO4, KH2PO4, 
K2HPO4⸱3H2O, MgSO4⸱7H2O, monohydrate citric acid, vitamin B1, 
glycerol, and maltose dextrin (10, 5, 6,16.4, 1, 1.1, 0.1, 30, and 10 g/L, 
respectively) at pH 7.0. The supplements consisted of 3 g/L 
MgSO4⸱7H2O, 10 g/L yeast extract, and 50 % (w/w) glycerol. During 
fermentation, pH was maintained at 7.0 by addition of NH4OH (50 % v/ 
v) and the dissolved oxygen content was maintained at 30 %. IPTG (1 
mM) was added to the culture as needed. 

3. Results 

3.1. Selection, recombinant expression, and purification of COL17 
fragments 

In this study, we introduced a script to cleave fragments from 
collagen and predicted their biophysical properties (Table S3). Ten 
COL17 fragments consisting of 27–33 amino acids were selected. Among 
the selected fragments, the isoelectric point (pI) varied from 6.75 to 
11.21 [19], Tm from − 0.4 to 22.8 ◦C [20], hydrophobicity index from 
− 0.17 to 0.31 [21], and bioactivity from 0.36 to 2.77 (Table 1) [22]. The 
selected fragments were replicated 16 times to recombinant express in 
E. coli and TrxA was fused to the N-terminal of the constructs for soluble 
expression (Fig. 1A). Five of the samples including 1705, 1706, 1707, 
1708, and 1709 exhibited obvious bands in the soluble fraction. The 
yields of sample-1705 and sample-1708 were 195 and 223 mg/L, 
respectively. All samples were purified by affinity chromatography. 
Four of the samples including 1701, 1706, 1707, and 1708 exhibited 
obvious bands within the target area, and confirmed by matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) (Fig. 1B and Fig. S1). 

The purified samples including 1701, 1704, 1706, and 1708 
degraded more than 90 % at room temperature (~25 ◦C) after 12 h after 
purification as shown in Fig. 1C, while sample 1701 and 1704 
completely degraded without detected band on SDS-PAGE. MALDI-TOF 
MS results confirmed the degradation of sample-1708 that degradation 
of TrxA and the cleaved fragments matched the fingerprint sequences 
(Fig. 1D). Therefore, only sample-1707 was further used as the research 
target. The fusion tag was removed by tobacco etch virus (TEV) protease 
cleavage and reverse purification using affinity chromatography. 
Notably, protease cleavage at 25 ◦C for 24 h, bands corresponding to 
sample-1707 and the TrxA tag were observed (Fig. 1E), demonstrating 
that the structure of sample-1707 was sufficiently stable to resist 
degradation. 

3.2. Production of COL17 fragments in a 5-L bioreactor 

Large-scale fed-batch fermentation in a 5-L bioreactor was con
ducted. Briefly, 250 mL of the starter culture were inoculated into a 2.5- 
L fermentation culture. The optical density at 600 nm (OD600) value 
reached 40 by 12 h (Fig. 2A), followed by adding IPTG for induction and 
feeding supplements. Following induction, the OD600 value rapidly 
increased from 40 to 71 within the first 6 h and then slowly increased to 
110 after 30 h (Fig. 2A). Samples were continuously collected after IPTG 
induction and visualized by sodium dodecyl-sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). A band corresponding to sample-1707 
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emerged after 6 h of fermentation (Fig. 2B and Fig. S2). The yield of 
sample-1707 had stabilized from 12 to 30 h post-induction. The highest 
yield of sample-1707 was 600 mg/L. 

3.3. Characterizing biophysical properties of sample-1707 

Collagens form a triple-helix structure, which basically supports 
higher-order assemblies. CD analysis is a well-established technique to 
evaluate the triple-helix structure of collagens. The absence of a negative 
ellipticity band at 195 nm and the presence of a positive band at 
220–222 nm suggested formation of a triple-helix structure [23]. The 
triple-helix structure of sample-1707 was confirmed by the appearance 
of the above two features, and we used murine COL1 as the positive 

control. The positive band of sample-1707 at 220–222 nm was visible at 
25 ◦C and 37 ◦C, and a similar peak detected from COL1 as well 
(Fig. 3A). Gradually increasing the incubation temperature showed a 
triple-helix to untwisted structure transient at 43.2 ◦C for sample-1707 
(Fig. 3B) [24]. 

To assess the capacity to assemble into a higher-order structure, 
sample-1707 was prepared to 1 mg/mL and incubated at 4 ◦C for 24 h. 
Subsequent TEM analysis confirmed the appearance of the obvious 
bands (Fig. 3C). The width of the formed nanofiber was measured 
indicated an average width of 5.6 nm (Fig. S3). Lyophilization of 
sample-1707 produced a porous collagen sponge that can be visualized 
at 5 μm scope (Fig. 3D). Moreover, sample-1707 was prepared to 0.001 
mg/mL, and air-dried for AFM analysis, showing that less nanofibers 

Fig. 1. Recombinant expression of COL17 fragments in E. coli cells. 
(A) The soluble (S) and insoluble (I) fractions collected after cell lysis. The fractions for E. coli carried plasmid pET-32a was shown. (B) Purified samples from the 
soluble fraction. (C) Degradation process of samples 1706 and 1707 and visualized on SDS-PAGE. Notably, the thick band of sample 1701 and 1704 were fully 
degraded and not present on the gel. (D) MALDI-TOF MS analysis of the degraded band after incubation for 12 h, the upper and lower band indicated by red arrow in 
(C) were characterized that matched the sequence of 1708 and TrxA respectively. (E) Cleavage of the fusion tag of sample-1707 using the TEV protease. 

Fig. 2. Fed-batch fermentation using a 5-L bioreactor. 
(A) OD600 values and feeding rates during fermentation. The starter culture (25 mL) was inoculated into the fermentation culture (3 L). Temperature was maintained 
at 20 ◦C after induction. The supplements consist of 3 g/L MgSO4⸱7H2O, 10 g/L yeast extract, and 50 % (w/w) glycerol. (B) SDS-PAGE visualization of sample-1707 
(indicated by red arrow). The time was counted after induction, sample 0 h and 6 h were diluted by 5-fold and 6-fold, while the following samples were diluted by 8- 
fold prior to loading in the gel. 
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were detected at a relative low concentration, and the nanofibers formed 
aggregates (Fig. 3E). A collagen hydrogel was obtained by increasing the 
concentration of sample-1707 to 3 mg/mL (0.003 % w/v). Character
ization of the formed hydrogel with a rheometer showed that the storage 
G′ value was more than 2-fold greater than the loss G″ value, thereby 
demonstrating hydrogel formation (Fig. 3F) [25]. These results 
confirmed the transition of sample-1707 from an untwisted state to a 
triple-helix structure, followed by assembly into higher-order structures. 

3.4. In vivo and in vitro blood clotting tests 

Collagen-induced coagulation occurs by two pathways: collagen 
either binds to platelet receptors via endogenous hemostatic mecha
nisms or promotes the migration of fibroblasts to the wound site [26]. To 

validate the capacity of sample-1707 to facilitate blood clotting, in vivo 
and in vitro blood clotting tests were independently conducted. Com
mercial mouse COL1 was used as a reference. The samples were pre
pared as collagen sponges by lyophilization. An initial toxicity test 
showed that the proliferation rate of L929 fibroblasts with the use of 
bovine serum albumin (BSA), COL1, and sample-1707 were 177 %, 192 
%, and 188 %, respectively (Fig. 4A). These results demonstrate that the 
samples were not toxic. 

For the in vitro test, each sample was incubated with mouse blood 
that supplemented to 2 mg/mL. After incubation for 0.5 h at 25 ◦C and 
centrifugation [27], COL1 and sample-1707 induced clotting of blood 
cells by 80 % and 63 %, respectively (Fig. 4A). For the in vivo test, mouse 
tails were cleaved at 1 cm from the tip and treated with samples at a 
concentration of 2 mg/mL. The mice treated with commercial COL1 

Fig. 3. Self-assembly of sample-1707. 
(A) CD spectra of sample-1707 at different temperatures. (B) Melting curve of sample-1707 based on CD spectra. We used murine COL1 as a positive control during 
CD analysis as shown in (A) and (B). TEM (C), SEM (D), and AFM (E) images of sample-1707, the formed nanofibers were indicated by red arrow in (C) and (E). (F) 
The hydrogel prepared with sample 1707 at 3 mg/mL and viscoelasticity analysis using rheometry. 

Fig. 4. Blood clotting test 
(A) Cell proliferation rate of in vitro blood clotting rated based on commercial rat tail COL1, PBS (containing Ca2+), BSA, and sample-1707 (S-1707). Cell proliferation 
based on L929 fibroblasts and cultivation for 48 h. Blood clotting after centrifugation in separate tubes. (B) In vivo blood clotting test based on mouse tail cleavage. 
The mouse tail was cleaved at 1 cm from the tip and treated with PBS (containing Ca2+), COL1, BSA, or sample-1707. Blood loss was monitored for 10 min. 

X. Wang et al.                                                                                                                                                                                                                                   



Synthetic and Systems Biotechnology 9 (2024) 733–741

738

exhibited the smallest amount of blood loss, which was >1-fold less than 
the use of sample-1707, as determined with ImageJ software based on 
the bleeding area (Fig. 4B and Fig. S4). Meanwhile, the blood loss for 
mice treated by PBS and BSA was more than 3-fold higher than those 
treated with sample-1707. These results suggest that sample-1707 was 
capable for inducing coagulation, but displayed weaker activity than 
commercial COL1. 

3.5. Bioactivity test 

Collagen promotes bone regeneration by inducing differentiation of 
osteoblasts [7,28]. The capacity of sample-1707 to induce differentia
tion of MC-3T3 cells was assessed. The proliferation rates of MC-3T3 
cells after 5 days of cultivation with commercial COL1, BSA, and 
sample-1707 were 327%–364 % (Fig. 5A). Cell adhesion assay was 
performed using MC-3T3 cells, and commercial COL1 and BSA were 
used as positive and negative control. After cultivation, the adhered cells 
were counted, indicating that both COL1 and sample-1707 promoted 
more than 1-fold higher cell adhesion rate than BSA, and the adhesion 
rate of COL1 was 30 % higher than that of sample-1707 (Fig. 5A—B). 
These results indicated that both commercial COL1 and sample-1707 
can promote cell adhesion, but the activity of COL1 was higher. 

The fibroblast differentiation were evaluated by measuring the 
mRNA levels of VCL and ACTN after on MC-3T3 cultivation [29,30]. 
Both COL1 and sample-1707 promoted transcription of VCL and ACTN 
(Fig. 5C), while the expression levels induced by COL1 were 101 % and 
98 % greater than using of sample-1707. Meanwhile, the transcription 
level induced by sample-1707 was more than 70 % higher than that of 
BSA, confirming that sample-1707 can promote fibroblast differentia
tion. The cell migration test was conducted to further assess wound 
healing capacity based on MC-3T3 cells [17]. After 24 h cultivation, the 
wound gap decreased by > 60 % by treating with the three samples, 
respectively (Fig. S5). After 48 h, the original wound gap was covered by 
the migrated cells at 81 % and 83 % using BSA and COL1, and was full 

covered by sample-1707 (Fig. 5D). 
The major contributions of COL17 are maintenance of hair follicle 

stem cells (HFSCs) and stabilization of epidermal patterns [14]. Over
expression of COL17 is related to the expression of nestin and SSEA1, 
which are critical for hair health [31]. So, the mRNA levels of nestin and 
SSEA1 of mouse HFSCs cultured with COL1, BSA, and sample-1707 were 
measured. Expression of nestin and SSEA1 is considered a hallmark of 
the differentiation of HFSCs, and the process can take up to 28 days. 
Hence, HFSCs were cultivated with COL1, BSA, and sample-1707 and 
the mRNA levels of nestin and SSEA1 were measured after 7 days. The 
mRNA expression levels of nestin and SSEA1 were higher with the use of 
COL1 and sample-1707 than BSA (Fig. 5E). Moreover, the mRNA 
expression levels of nestin and SSEA1 were 2.86- and 5.45-fold higher 
following cultivation with sample-1707 than COL1. 

3.6. Swelling capacity of chitosan/sample-1707 complex 

The hydrogel prepared with sample-1707 was not stable and did not 
convert into a solution phase by shaking or at temperatures greater than 
20 ◦C. Therefore, a chitosan/collagen complex was used to strengthen 
the hydrogel and improve the swelling capacity [32]. Chitosan is 
approved for use in the food and cosmetic industries [33]. Hydrogels 
were prepared with sample-1707 at 25 % (10 g sample-1707 with 30 g 
chitosan) and 50 % (30 g sample-1707 with 30 g chitosan), respectively, 
obtaining CC-25 % and CC-50 %. Viscoelasticity analysis revealed that 
the differences among the storage G′ values of CC-25 %, chitosan (3 % 
w/v), and sample-1707 (3 % w/v) were within 30 %, and the correlated 
loss G″ values were within 20 % (Fig. 6A). The storage G′ value of CC-50 
% was >80 % greater than the other three samples. In addition, storage 
G′ values were > 5-fold greater than the loss G″ values for all samples 
(Fig. 6A). These results indicate that the CC-50 % hydrogel had the 
highest strength. 

The structures of the hydrogels prepared with chitosan, CC-25 %, 
and CC-50 % were maintained at 25 ◦C. The swelling capacity of the 

Fig. 5. Bioactivity of sample 1707. 
(A) Cell proliferation and adhesion rates based on MC3T3-E1 cells. (B) Visualization of adhered MC3T3-E1 cells stained with phalloidin. (C) Detected mRNA levels of 
VCL and ACTN in MC3T3-E1 cells. (D) Cell migration test using MC3T3-E1 cells. (E) Detected mRNA levels of nestin and SSEA1 in HFSCs. S-1707, sample-1707. 
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hydrogels was evaluated by co-cultivating the hydrogel with mouse 
blood independently. After incubation at 25 ◦C for 10 min, the swelling 
capacity was evaluated by weighting the hydrogel that absorbed mouse 
blood. The results showed that the swelling capacities of the hydrogels 
prepared with CC-50 %, CC-25 %, and chitosan were 73 %, 65 %, and 41 
%, respectively (Fig. 6B). These results demonstrate that chitosan 
combined with sample-1707 improved the swelling capacity of the ob
tained hydrogel. 

4. Discussion 

In this study, we developed a script for cleaving fragments from 
COL17 and attempted recombinant expression of 10 fragments inde
pendently in E. coli. Of these, five variants were soluble, while only one 
(sample-1707) maintained the triple-helix structure after purification 
and prolonged incubation at 25 ◦C. The triple-helix structure of sample- 
1707 was maintained at 37 ◦C (Tm = 43.2 ◦C) and exhibited higher-order 
assembly, as confirmed by SEM and TEM. Increasing the concentration 
of sample-1707 to 3 mg/mL facilitated conversion into a hydrogel. 
Moreover, sample-1707 induced differentiation of osteoblasts and skin 
cells. The use of chitosan with sample-1707 improved the swelling ca
pacity of the hydrogen by >30 % as compared to chitosan alone. Fed- 
batch fermentation of sample-1707 using a 5-L bioreactor was optimal 
at a concentration of 600 mg/L. These results confirm that sample-1707 
is a robust biomaterial and suitable for large-scale production using 
E. coli. 

Human COL17 promotes regeneration of skin cells to help delay skin 
aging and hair loss [34]. Short fragments of COL could self-assemble into 
triple-helix [35,36], which supported its bioactivity as the whole COL 
molecule but can be easier produced using microorganisms [9,37]. Thus, 
we conducted fragments extraction and property prediction to assist the 
discovering of novel potential functional COL17 fragments, and suc
cessfully identified a functional COL17 variant. Comparing with previ
ous COL sequential design strategies [7,24], this study focused on 
extracting fragments from native human COL. Even though the function 
of COL17 was long been reported [11,14], but the functional fragment 
search was firstly applied. Moreover, our result showed that the iden
tified variant could benefit HFSCs differentiation mimicking the whole 
length of COL17 [31]. 

The bioactivity of the extracted collagen fragment ultimately 

determines potential usefulness for practical applications [38]. COL1 
obtained from the rat tail was shown to promote blood clotting and is 
now commercially available as a hemostatic agent [39]. Although 
sample-1707 was found to promote coagulation and osteoblast differ
entiation, but with weaker performance than commerical COL1 [7]. 
Nonetheless, sample-1707 exhibited much stronger capacity to induce 
differentiation of HFSCs than COL1, which would be beneficial for repair 
and regeneration of hair follicles [40]. In addition, sample-1707 
generated faster cell migration than COL1, which is critical for wound 
healing [17]. Overall, these results suggested that sample-1707 is a 
robust biocompatible material. 

The capacity of sample-1707 to self-assemble from a triple helix to a 
higher-order structure was confirmed by CD, SEM, TEM, and visco
elasticity analysis. Notably, not all of the extracted fragments exhibited 
the capacity to self-assemble into a triple-helix structure, as reported 
here and in previous study [41]. The extracted fragments had a wide 
range of net charges, Tm, and hydrophobicity. However, the specific 
characteristic of sample-1707 responsible for the capacity to 
self-assemble remains elusive, thus warranting further studies. Lastly, 
large-scale fermentation of sample-1707 had unexpectedly terminated 
at 28 h post-induction, likely as a result of protease degradation and the 
fermentation method. Therefore, large-scale production must be 
optimized. 
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