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Abstract

Recombinant human type | and type Il collagens are widely applied in skin repair, wound healing, anti-
aging cosmetics and biomedical materials. However, traditional production methods face challenges of
low yield, difficult scale-up and complicated purification. In this study, we developed a stable and
scalable process for high-level secretory expression of recombinant human type | + type Il collagen (I +
Il collagen) in Pichia pastoris GS115 using multi-copy integration strategy, combined with high-density
fermentation and integrated purification. The codon-optimized fusion gene named WM was cloned into
the pHKA vector under the control of AOXm promoter with aCC signal peptide, and multi-copy strains (1-
copy to 5-copy) were constructed via Cre/loxP-mediated iterative integration at Int1 locus. Fermentation
was systematically optimized in 5 L bench-top and 500 L pilot-scale bioreactors with four-stage control:
batch growth, glycerol feeding, methanol adaptation and induction expression. The induction
temperature was adjusted to 22°C, which significantly reduced protein degradation. After fermentation
optimization, the expression level of | + 11l collagen reached 10.42 mg/mL in 500 L culture. An integrated
purification procedure including centrifugation, 750 kD hollow fiber clarification, 10 kD ultrafiltration
buffer exchange, Phenyl Sepharose 6FF hydrophobic interaction chromatography (HIC) and 3 kD
desalting was established. The final product achieved purity = 94.7% and activity recovery = 90% with
intact structure and no obvious degradation. This study provides a robust, scalable and cost-effective
manufacturing platform for recombinant | + lll collagen, which is suitable for industrial production and
high-value applications.

Introduction

Collagen is the most abundant structural protein in human extracellular matrix, which plays critical roles
in tissue strength, elasticity, cell adhesion and tissue regeneration(Guo, et al. 2024; He, et al. 2025;
Meganathan, et al. 2022). Type | collagen provides mechanical support and tensile strength(Amirrah, et
al. 2022; Naomi, et al. 2021; Selvaraj, et al. 2024), while type Il collagen dominates tissue flexibility and
repair capacity(Nikolov and Popovski 2022; Shan, et al. 2025). The natural coexistence of type | and IlI
collagens in skin, blood vessels and other tissues determines their synergistic effects in clinical and
cosmetic applications(Bernardo, et al. 2024; Botor, et al. 2021). Compared with animal-derived collagen,
recombinant human collagen avoids pathogen contamination and immune rejection, showing higher
safety and biocompatibility(Cao, et al. 2024, Jie, et al. 2025; Sun, et al. 2025).

Pichia pastoris expression system has become a preferred host for industrial production of recombinant
proteins due to its high expression level, easy scale-up, strict regulation of AOX promoter and efficient
secretory expression(Eskandari, et al. 2023; Liu, et al. 2022; Pan, et al. 2022; Unver and Dagci 2024).
However, the current production of recombinant collagen still has several bottlenecks(Long, et al. 2025):

1. Most studies focus on single-type collagen expression, which cannot simulate the synergistic
function of type | + 1l collagens.
2. Low expression yield and unstable fermentation restrict large-scale production.
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3. Traditional multi-step chromatography leads to low recovery, high cost and high endotoxin level.
4. Lack of stable and consistent process from lab scale to industrial pilot scale.

To overcome these limitations, we constructed a 5-copy multi-copy recombinant Pichia pastoris strain for
expression of human type | + Il collagen. A four-stage high-density fermentation process was
established and successfully scaled up from 5 L to 500 L. Meanwhile, an integrated purification workflow
was designed to achieve high purity and high recovery. The final product exhibited excellent stability and
biological activity, meeting the requirements of high-end cosmetics and medical materials.

Materials and methods

Materials

Restriction enzymes, DNA ligase and PCR reagents were purchased from Thermo Fisher Scientific (USA).
Pichia pastoris GS115, pHKA vector and Cre/loxP integration system were preserved in our laboratory.
Hydrophobic chromatography medium Phenyl Sepharose 6FF was obtained from GE Healthcare (USA).
Hollow fiber membranes (750 kD) and ultrafiltration membrane packages (10 kD, 3 kD) were from
Millipore (USA). All other chemicals were of analytical grade.

Construction of multi-copy recombinant Pichia pastoris

The fusion gene WM of human type | and Il collagen was codon-optimized for Pichia pastoris. The target
gene was inserted into pHKA vector with AOXm promoter and aCC signal peptide to generate single-
copy plasmid. Then 2-copy, 4-copy and 5-copy plasmids were constructed through iterative integration
using Bglli/BamHN digestion and seamless cloning. The 5-copy expression cassette was integrated into
the Int1 locus of GS115 genome via Cre/loxP-mediated recombination. Hygromycin was used for
screening, and the resistance gene was knocked out after positive clone identification. Positive strains
were verified by PCR and SDS-PAGE.

High-density fermentation (5 L and 500 L scale)

Medium preparation

BSM basal medium: CaSO, 0.65 g/L, MgSO, 8.0 g/L, K,SO, 12.74 g/L, KOH 2.9 g/L, H;PO, 26.7 mL/L,
glycerol 40 g/L, supplemented with PTM1 4.35 mL/L. Fed-batch medium: 50% glycerol (with PTM1 12
mL/L), methanol (with PTM1 12 mL/L).

Four-stage fermentation control

1. Batch growth phase: 30°C, pH 5.5, DO 25-35%, cultured until glycerol depletion and DO jump.
2. Glycerol feeding phase: fed 50% glycerol at 30 L/h, maintained DO 25-35%, until OD¢q, = 250, then
starved for 60 min.
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3. Methanol adaptation phase: initial methanol feeding rate 3 g/h/L, increased by 1 g/h/L every 2 h,
25°C, pH 6.0.

4. Induction expression phase: 22-25°C, DO 10-20%, gradient methanol feeding, induction for 96-166
h.

For 500 L pilot scale, induction temperature was optimized to 22°C to reduce protease degradation and
improve protein stability.

Integrated purification process

1. Clarification: fermentation broth was centrifuged at 12,000 rpm, 4°C for 15 min, then filtered by 750
kD hollow fiber and 0.45 pum membrane.

2. Ultrafiltration buffer exchange: 10 kD membrane package was used to exchange buffer to 20 mM
PB+0.2 M (NH,),S0,, pH 7.0.

3. Hydrophobic interaction chromatography (HIC): sample was adjusted to 1 M (NH,),S0,, loaded
onto Phenyl Sepharose 6FF column. Equilibrated with 20 mM PB +1 M (NH,),S0,, washed with 0.8
M (NH,),S0,, eluted with 0.4 M (NH,),S0,.

4. Desalting and filtration: eluted protein was desalted and concentrated by 3 kD ultrafiltration, then
filtered through 0.22 pm sterile membrane.

Protein analysis

Protein concentration was determined by BCA assay. Purity was analyzed by SDS-PAGE and HPLC.
Protein integrity and degradation were evaluated by SDS-PAGE.

Results

Construction and identification of multi-copy strains

To investigate the correlation between target gene copy number and collagen secretory expression level,
strains carrying 1 to 5 copies of the fusion gene were cultured in shake flasks, with blank GS115 strain
(9K) set as negative control. SDS-PAGE analysis of culture supernatants (Fig. 1) showed no target
protein band in the blank host strain. Obvious bands corresponding to recombinant human type | + I1I
collagen were detected in all multi-copy strains, and the band intensity exhibited a clear positive
correlation with gene copy number. The 1-copy strain (1C) yielded faint target bands, while the band
brightness gradually increased in 2C, 3C and 4C strains, reaching the maximum expression level in the 5-
copy strain (5C). This result verified that elevating integrated gene copy number effectively enhances the
secretory production of dual-type collagen in Pichia pastoris, and the 5-copy engineered strain was
selected as the optimal strain for subsequent tank fermentation optimization.

Optimization of high-density fermentation
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To optimize the induction temperature for the multi-copy Pichia pastoris strain expressing human type |
+ Ill collagen, three induction temperatures (20°C, 22°C and 25°C) were evaluated in 5 L bench-top
bioreactors. Cell growth was tracked via continuous ODg,, detection throughout the 168 h induction
period (Fig. 2). The maximum OD,,, values reached 475 at 25°C, 529 at 22°C and 501 at 20°C, indicating
that 22°C supported the highest biomass accumulation. SDS-PAGE analysis of fermentation
supernatants collected at 46 h, 58 h and 70 h induction (Fig. 3) revealed distinct expression differences
among groups: no visible target collagen band was detected at 20°C, demonstrating this temperature
failed to trigger effective secretory expression. Induction at 25°C led to unstable target protein
expression; several repeated batches failed to generate detectable recombinant collagen. In contrast, the
22°C group exhibited the thickest, brightest intact target collagen band without prominent degradation
fragments across all sampling time points. Collectively, these results confirm that 22°C is the optimal
induction temperature, which balances robust cell growth, high-level collagen secretion and minimal
protein degradation.

Cell density was determined by monitoring ODg,, at different induction time points. Black square, 25°C
induction; red circle, 22°C induction; blue triangle, 20°C induction. The maximum ODgq, values at 168 h
induction for 25°C, 22°C and 20°C groups were 475, 529 and 501, respectively.

We further scaled up the optimized fermentation process from lab scale to 500 L pilot bioreactor with
two independent batches. The cell growth profiles monitored by OD,,, were presented in Fig. 4A and 4C
for two fermentation runs, both showing steady cell proliferation throughout the whole induction period
and the maximum ODg,, reached approximately 580 and 480 at the endpoint, respectively. SDS-PAGE
analysis of fermentation supernatants sampled at serial induction time points (0—166 h) was displayed
in Fig. 4B and 4D. The target band of recombinant human type | + Il collagen gradually intensified with
extended induction time in both batches, and consistent expression trends were observed between two
independent 500 L pilot fermentations, which verified the excellent reproducibility and scalability of the
established high-density fermentation platform for co-production of dual-type collagen in Pichia pastoris.

Integrated purification efficiency

An integrated multi-step purification workflow combining hollow fiber clarification, ultrafiltration buffer
exchange, hydrophobic interaction chromatography (HIC) and desalting was established to purify
recombinant human type | + Il collagen from 500 L fermentation supernatant. Figure 5A and 5B display
the appearance of crude fermentation supernatant and final desalted protein solution, respectively. The
full HIC chromatogram is shown in Fig. 5C, with distinct peaks corresponding to flow-through fraction
(FT), wash fraction (WF), elution fraction (EF) and desalted product (CIP). SDS-PAGE (Fig. 5D) confirmed
that most heterologous impurities were removed in FT and WF fractions, while the target dual-type
collagen was concentrated in EF. Subsequent HPLC quantification (Fig. 5E) demonstrated that the crude
collagen supernatant possessed a purity of 86%. After HIC purification, the elution fraction EF achieved a
purity of 94.7% with an overall activity recovery of 90%; by contrast, the wash fraction WF only reached

71% purity at merely 10% recovery. These data validated that the integrated purification strategy
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efficiently removes miscellaneous proteins and retains high yields of high-purity target collagen, meeting
the quality requirements for medical and cosmetic high-end applications.

Discussion

In this study, we developed a complete manufacturing process for recombinant human type | + 1lI
collagen in Pichia pastoris, from strain engineering to industrial-scale fermentation and integrated
purification. Multi-copy integration is an effective strategy to enhance gene dosage and expression level
(Ahn et al., 2016). The 5-copy strain constructed by Cre/loxP system avoided residual resistance markers
and maintained high genetic stability.

High-density fermentation is key to high-yield production. The four-stage control strategy ensured
sufficient cell growth and targeted protein expression. Lowering induction temperature to 22°C in 500 L
scale reduced protease activity and protein degradation, which is critical for large-scale production of
collagen (Jungo et al., 2007).

Traditional collagen purification often involves multiple chromatography steps with low recovery. Our
integrated process combined clarification, ultrafiltration, HIC and desalting, simplifying operation and
improving recovery to over 90%. HIC effectively removed impurities without harsh denaturation,
preserving protein structure and activity (Lee et al., 2019).

The expression level of 10.42 mg/mL in 500 L fermentation and purity of 94.7% are significantly higher
than most reported processes. The stable scale-up from 5 L to 500 L confirms the industrial potential of
this technology. The recombinant | + Ill collagen mimics natural composition and shows great promise in
skin repair, wound dressing and tissue engineering.

Conclusion

We established a scalable and efficient platform for production of recombinant human type | + I
collagen in Pichia pastoris. The 5-copy multi-copy strain achieved high-level secretory expression. The
optimized 500 L high-density fermentation yielded 10.42 mg/mL. The integrated purification process
obtained high-purity (= 94.7%) and high-recovery (= 90%) product with intact structure. This process is
stable, cost-effective and suitable for industrial manufacturing, supporting wide applications in
cosmetics and biomedicine.
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SDS-PAGE analysis of secreted recombinant human type | + lll collagen from Pichia pastorisstrains with
different gene copy numbers in shake flasks.

M: Protein molecular weight marker (kDa); 9K: Blank host strain GS115 negative control; 1C, 2C, 3C, 4C,
5C: Fermentation supernatant of 1-, 2-, 3-, 4-, 5-copy engineered strains expressing type I+l collagen.
Target collagen bands (~40-55 kDa) show gradually increased expression intensity with elevated gene

copy number.
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Figure 2

Growth curve of multi-copy Pichia pastoris strain under different induction temperatures in 5L bioreactor.
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Figure 3

SDS-PAGE analysis of recombinant human type | + Il collagen secreted by Pichia pastorisinduced at
different temperatures for various durations in 5L bioreactor.

M: Protein molecular weight marker (kDa). Lanes under 25 °C, 22 °C and 20 °C correspond to induction
times of 46 h, 58 h and 70 h, respectively. The target collagen bands show the highest expression level at
22 °C, accompanied by minimal protein degradation.
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Figure 4

Cell growth and collagen expression profiles of two independent 500 L pilot-scale fermentations of multi-
copy Pichia pastoris strain induced at 22 °C.

A and C. Time-course ODgq, curves representing cell density of Batch 1 and Batch 2, respectively. B and
D. SDS-PAGE analysis of fermentation supernatants collected at serial induction time points (0—-166 h)
from Batch 1 and Batch 2. M: protein molecular weight marker (kDa).
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Figure 5

Characterization of the integrated purification process for recombinant human type | + Il collagen.

(A) Visual image of crude fermentation supernatant; (B) Visual image of final desalted collagen solution
after full purification. (C) Full hydrophobic interaction chromatography (HIC) elution profile monitored at
UV 280 nm. FT: flow-through fraction; WF: wash fraction; EF: target elution fraction; CIP: cleaning-in-
place peak. (D) SDS-PAGE analysis of samples collected at different purification stages. Lane 1: protein
molecular weight marker; Lane 2: crude supernatant; Lane 3: FT fraction; Lane 4: WF fraction; Lane 5: EF
fraction; Lane 6: CIP sample. (E) HPLC purity detection results of crude liquid, FT, WF and EF fractions,
with corresponding purity and recovery values labeled in each subgraph.
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