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Toward clinically relevant 
automated corneal 
biomanufacturing with human-
derived FBS alternatives
Alexandre Taoum1, Julia S. Oster1, Ole Thaden1, Andrea Frank1, Meng Wang1, 
Mario Wisbar1, Matthias Fuest2, Friederike Dehli1 & Daniela F. Duarte Campos1

The replacement of animal-derived components from cell culture protocols is essential for the 
development of human-compatible and clinically translatable systems. Fetal bovine serum (FBS) is still 
widely used for cell expansion, although its xenogeneic origin and batch variability limit regulatory 
compliance. In this study, human platelet lysate (hPL) and human serum (HS) were assessed as low-
serum (2%) alternatives to FBS during the subculture phase of bone marrow-derived mesenchymal 
stromal cells (BM-MSC) prior to keratocyte differentiation for corneal tissue engineering. BM-MSC 
were gradually adapted over four days to 2% FBS, hPL, or HS, maintained for seven days, and then 
transferred to serum-free keratocyte differentiation medium for 14 days in either two-dimensional (2D) 
or three-dimensional (3D) cultures in 30 wt% riboflavin-arginine-triggered gelatin methacryloyl (RA-
GelMA) hydrogels crosslinked under visible blue light. To demonstrate the applicability of this approach 
in corneal tissue engineering, differentiation was evaluated by immunofluorescence and quantitative 
PCR in 2D cultures, and by immunofluorescence in 3D cultures. Both hPL and HS maintained metabolic 
activity, supported keratocyte-associated marker expression, and suppressed α-SMA, performing 
comparably to FBS, thereby supporting their use as clinically compliant, human-derived alternatives 
for xeno-reduced corneal biomanufacturing.
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Corneal diseases are a major cause of visual impairment worldwide1. Keratoplasty, also known as corneal 
grafting, remains the gold standard procedure for treating corneal blindness2. However, donor shortage, graft 
rejection, and post-operative complications limit its availability and long-term supply3–5, with a growing demand 
for available corneas6.

Tissue-engineered stromal equivalents have therefore been investigated to restore corneal transparency 
and function by replicating the native extracellular matrix (ECM) architecture and cellular phenotype7–9. 
While advanced models increasingly aim to reproduce multiple corneal layers, including epithelial and stromal 
compartments, the stromal layer remains a major target for tissue engineering10. The corneal epithelium is a 
self-renewing tissue maintained by stem cells localized in the peripheral limbus11 and can rapidly regenerate 
following injury12. In contrast, stromal injuries frequently result in fibrosis and permanent loss of transparency13.

In the tissue engineering field, and more generally the cell culture area, fetal bovine serum (FBS) remains the 
most widely used supplement for cell expansion. FBS constitutes a complex and partially undefined mixture of 
bioactive components14, including growth factors (e.g., TGF-β, FGF, PDGF), hormones, carrier proteins, lipids, 
and extracellular vesicles15–17, which collectively regulate cell behavior through receptor-mediated signaling 
pathways, endocytosis, and modulation of extracellular matrix interactions, thereby influencing proliferation, 
survival, and lineage commitment18.

However, its xenogeneic origin, undefined composition, and batch-to-batch variability are raising significant 
safety and regulatory concerns, including the risk of zoonotic disease transmission and immunogenicity19–21. 
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For these reasons, the replacement of FBS with human-derived or chemically defined supplements is considered 
essential for the development of animal-free systems, following the Good Manufacturing Practice (GMP)22,23, 
which requires strict control of raw materials, traceability, and reproducibility, thereby discouraging animal-
derived incompatible with clinical-grade manufacturing standards24.

Human platelet lysate (hPL) is obtained from pooled platelet concentrates subjected to freeze–thaw cycles 
to release platelet-derived growth factors and cytokines25. In contrast, Human Serum (HS) is the liquid fraction 
obtained after coagulation of whole blood collected without anticoagulants, followed by centrifugation to remove 
the clot and cellular components. During coagulation, fibrinogen and other clotting factors are consumed, 
resulting in a protein-rich supplement26,27. While both hPL and HS support cell growth, their composition 
differs. hPL is rich in platelet-derived growth factors such as PDGF, TGF-β, and VEGF, which strongly 
stimulate cell proliferation22,28. In contrast, HS contains higher levels of serum proteins, immunoglobulins, and 
complement factors, which are involved in cell adhesion, transport, and immune-related functions29. Their use 
as culture supplements offers two main advantages: elimination of xenogeneic components and the potential for 
autologous or allogeneic use, thus reducing immunological and infectious risks30,31.

Bone marrow-derived mesenchymal stromal cells (BM-MSC) are widely used in regenerative medicine due 
to their accessibility, immunomodulatory properties, and multilineage differentiation potential32,33. Recently, 
BM-MSC have emerged as a relevant cell source for corneal stromal tissue engineering due to their ability to 
differentiate toward keratocyte lineages34. In our previous study, we showed that 3D culture systems provide a 
more physiologically relevant environment than 2D culture for differentiation of BM-MSC towards Corneal 
Stromal Keratocytes (CSK) lineages35.

Gelatin methacryloyl (GelMA) hydrogels are suited to these applications due to their biocompatibility and 
tunable mechanical properties36. Recently, a novel biobased photocrosslinking system for GelMA using riboflavin 
as a photosensitizer and arginine as co-initiator (RA-GelMA), has been developed for the 3D encapsulation and 
culture of primary human corneal keratocytes37. However, the differentiation of BM-MSC in RA-GelMA has 
not yet been assessed.

In this study, for the first time, hPL and HS were evaluated as low serum (2%) replacements for FBS 
during BM-MSC expansion prior to CSK differentiation (Fig. 1). Differentiation was induced under serum 
free conditions in both 2D cultures and 3D RA-GelMA hydrogels. Outcomes were assessed by quantitative 
PCR, immunofluorescence, and morphological analysis in 2D cultures, while differentiation within 3D RA-
GelMA constructs was assessed by immunofluorescence and morphological analysis. Corneal stromal markers 
(Lumican, Keratocan, ALDH3A1, and ALDH1A1) and the myofibroblast marker α-SMA were evaluated38,39. 
These investigations provide new insight into how human-derived expansion conditions impact the BM-MSC 
differentiation towards MSC-derived keratocytes (CSK-MSC), contributing to the development of animal-free, 
clinically relevant workflows for corneal tissue engineering.

Fig. 1.  Schematic overview of the experimental workflow and future translational applications. Human BM-
MSC were isolated and gradually adapted over 4 days to culture media supplemented with fetal bovine serum 
(FBS), human platelet lysate (hPL), or human serum (HS), followed by 7 days of expansion in their respective 
conditions. Cells were then differentiated toward a corneal stromal keratocyte-like phenotype in parallel 
using either 2D culture or 3D RA-GelMA hydrogels under serum-free keratocyte differentiation conditions 
for 14 days. Cell phenotype and differentiation were assessed using flow cytometry, XTT assay, qPCR, and 
immunofluorescence staining. The final panel illustrates the potential future application of these xeno-reduced 
culture systems for clinically relevant corneal biomanufacturing and automated in situ bioprinting approaches. 
Image adapted from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 ​(​​​h​t​t​p​s​:​/​/​c​r​e​a​t​i​
v​e​c​o​m​m​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​)​.​​​​
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Materials and methods
Cell culture
Human BM-MSC from three Caucasian donors (female, 62 years; male, 63 years; female, 72 years) were purchased 
from PromoCell (C-12974, PromoCell, Germany) and initially maintained in the isolation medium provided 
by the supplier, PromoCell Mesenchymal Stromal Cell Growth Medium 2 (MSCcom, C-28009, PromoCell, 
Germany) supplemented with 1% penicillin–streptomycin (Pen/Strep) (P4333, Sigma Aldrich, Germany), to 
allow cell recovery and stabilization after thawing. Cells from the three donors were pooled and seeded on 
collagen-coated plates at 5,000 cells cm–2.

Three experimental conditions were established in parallel using Mesenpan Basal medium (P08-50400B, 
PAN-Biotech, Germany) supplemented with 1% Mesenpan Growth Supplement (P08-5040S1, PAN-Biotech, 
Germany), 200 µM L-glutamine (G7513, Sigma Aldrich, Germany), 1% Pen/Strep, and one of the following 
serum supplements: FBS Supreme (P30-3031, PAN-Biotech, Germany), hPL ELAREM™ Perform-FD PLUS, 
Research Grade (PE30611, PL BioScience, Germany), or HS (P30-2401, PAN-Biotech, Germany). To minimise 
adaptation stress40, cells were transitioned from MSCcom to their respective Mesenpan formulation over three 
days, using sequential 75:25, 50:50, and 25:75 mixtures of the current to target medium, followed by 100% target 
medium from day 4. Cultures were maintained in their respective conditions for a further 7 days, with medium 
changes every 2 days, prior to keratocyte differentiation. During this period, cells were passaged when required 
to prevent overconfluence.

At the end of the adaptation phase, cells were seeded to reach approximately 70% confluency, and keratocyte 
differentiation was induced by replacing the culture medium with keratocyte differentiation (KD) medium 
consisting of DMEM/F12 (P04-41150, Pan Biotech, Germany), 1% MEM Vitamin Solution (M6895, Sigma-
Aldrich, Germany), 1% MEM Non-Essential Amino Acids (M7145, Sigma-Aldrich, Germany), 1% Insulin-
Transferrin-Selen (41400045, Gibco, Germany) 1 mM L-Ascorbate 2-Phosphate (LA2P, A8960, Merck, Germany), 
20 ng/ml human recombinant Fibroblast Growth Factor-2 (FGF-2, CB-1102021, Pan Biotech, Germany), 0.1 ng/
ml human recombinant Transforming Growth Factor-β3 (78131, Stem Cell Technologies, Germany) and 1% 
Pen/Strep. KD medium was changed every 2 days. MSC-derived keratocytes (CSK-MSC) were collected day 14 
of differentiation by detaching with 1X accutase solution (A6964, Sigma Aldrich, Germany).

Human Corneal Keratocytes (HCK) were purchased from Innoprot (P10872, Innoprot, Spain) and 
subcultured on collagen coated plates in CSK basal medium made of Dulbecco’s Minimum Essential Medium 
DMEM/F12 supplemented with 0.5% Fetal Bovine Serum (FBS) (P30-3031, Pan Biotech, Germany), 1% MEM 
Vitamin Solution, 1% MEM Non-Essential Amino Acids), 1 mM LA2P, 10 µM ROCK-inhibitor (688002-M, 
Millipore, Germany), 10 ng/ml Recombinant Human Insulin-like Growth Factor-1 (CB-1104113, Pan Biotech, 
Germany), and 1% Pen/Strep.

All cell cultures were carried on T75 cell culture flasks (83.3911.002, Sarstedt, Germany) coated with type I 
collagen from calf skin (L7213, Sigma–Aldrich, Germany). A coating solution of 80 µg mL− 1, was prepared from 
the 4 mg mL− 1, collagen stock diluted in sterile 1X phosphate-buffered saline (PBS, 14190250, Gibco, Germany) 
and applied at a final surface density of 10 µg cm− 2. Flasks were incubated with the coating solution for 1 h at 
37 °C before cell culture experiments.

Hydrogel preparation
BM-MSC were encapsulated in a photocrosslinkable RA-GelMA hydrogel prepared according to the protocol 
of Dehli et al., 2025. Briefly, 25.75 g gelatin type B (G9382, Sigma Aldrich, Germany) was dissolved in 250 mL 
deionized water at 40 °C under continuous stirring, followed by the addition of 13 mL methacrylic anhydride 
(276685, Sigma Aldrich, Germany)41. The pH was adjusted to 7.3 using an automatic titrator (T50, Mettler 
Toledo, Germany) with 4 M NaOH (1310-73-2, Sigma Aldrich, Germany). After 5 h of reaction maintained 
under continuous stirring, the mixture was filtered and stored at 8 °C for 2 days. Purification was carried out by 
dialysis using a 12–14 kDa molecular weight cutoff membrane (2720.1, Carl Roth, Germany) against deionized 
water for 5 days, with two water changes per day. The degree of methacryloylation was quantified by H-NMR 
spectroscopy (300 MHz) in deuterium oxide D₂O (6672.7, Carl Roth, Germany) with trimethylsilylpropanoic 
acid (TSP) as the internal standard. The GelMA used in this study had a degree of methacryloylation of 0.52 
mmol g− 1.

Prior to encapsulation, riboflavin (CDS025203, Sigma Aldrich, Germany) was first dissolved in Mesenpan 
medium at a final concentration of 190 µmol L− 1, followed by the addition of L-Arginine Monohydrochloride 
(A5131, Sigma Aldrich, Germany) at a final concentration of 80 mmol L− 1. GelMA was then dissolved in this 
solution at 37 °C to obtain a final concentration of 30 wt% and mixed by vortexing for 5 min until complete 
dissolution. BM-MSC were then suspended in the bioink at a concentration of 2 × 106 cells mL− 1. The RA-
GelMA bioink was pipetted in a cylindrical mold with a height of 2 mm and a diameter of 4 mm. Crosslinking 
was carried out for 10 min with blue light (455 nm LED, Thorlabs, Germany) at an intensity of 4.3 mW cm− 2. 
After crosslinking, the hydrogels were individually transferred into 24-well plates (83.3922.005, Sarstedt, 
Germany) and maintained fully immersed in1 mL of their respective cell culture medium and incubated for 1 h. 
The medium was then refreshed and replaced every two days throughout the culture period.

Differentiation of the samples was conducted following the protocol of Taoum et al. 202535. 7 days after 
crosslinking and culture in their respective media, samples were immersed during 14 days in KD medium, with 
media changes every 2 days. All experimental conditions were performed in three technical triplicates (n = 3).

Cell metabolic activity assay
Cell metabolic activity was assessed using the CyQUANT™ XTT Cell Viability Assay (X12223, Thermo Fisher 
Scientific, USA). BM-MSC cultured in Mesenpan medium supplemented with 2% FBS, hPL, or HS were 
harvested and seeded at 2,000 cells per well in collagen-coated 96-well plates (83.3923, Sarstedt, Germany). For 
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each condition, three wells containing only medium served as blanks. Metabolic activity was assessed at days 
1, 4, and 7, corresponding to the number of days in culture with 100% Mesenpan medium after the gradual 
adaptation phase to the new FBS alternative. All experimental conditions, including blanks were performed in 
three technical triplicates (n = 3).

The XTT reagent was prepared by mixing 6 parts XTT solution with 1part electron coupling reagent following 
the manufacturer’s protocol, and 70 µL of the mixture was added per well. Plates were incubated for 2 h at 37 °C 
and 5% CO2, and absorbance was recorded at 450 nm and 660 nm using a Spark Cyto plate reader. Specific 
absorbance was calculated as:

	 Aspecific = (A450 − A660)sample − (A450 − A660)blank

Flow cytometry
Following gradual adaptation, pooled BM-MSC were cultured for 7 days in Mesenpan supplemented with 2% 
FBS, hPL, or HS. Cells maintained in MSCcom medium served as control. For each condition, one million 
cells were harvested, washed in PBS containing 2% of the respective culture serum (FACS buffer), and stained 
with the MSC Characterization Antibody Panel (100–0354, Stemcell Technologies, Germany) for CD73, CD90, 
CD105, and the negative marker CD45, each conjugated to a distinct fluorophore. Staining was performed for 
30 min at 4 °C, followed by washing and resuspension in FACS buffer. Unstained and single-stained controls 
were prepared using MSCcom cultured cells, and compensation for CD45 was performed using compensation 
beads (01-3333-41, Thermo Fisher, Germany). Samples were analysed on a BD FACSymphony™ A1 flow 
cytometer, and data were processed with BD FACSDiva software (Version 9.0.2, BD Biosciences, Germany). All 
experimental conditions were performed in three technical triplicates (n = 3).

Immunofluorescence staining
CSK markers were assessed by immunofluorescence staining in 2D and 3D cultures. For 2D cultures, BM-
MSC were seeded on collagen-coated µ-Plate 96 Well Round ibiTreat plates (89606, Ibidi GmbH, Germany) at 
5,000 cells cm−2 (pre-differentiation) or 10,000 cells cm−2 (post-differentiation). For 3D cultures, RA-GelMA 
hydrogels containing BM-MSC were used after 7 days in respective MSC medium, and CSK-MSC were used 
directly after 14 days of differentiation. Samples were washed twice with PBS containing 1 mM MgCl₂, fixed with 
4% paraformaldehyde (47347.9 M, VWR, Germany) in 1X PBS (10 min for 2D, 20 min for 3D), and washed 
three times with PBS + 1 mM MgCl2. Permeabilization was performed with PBS containing 0.2% Triton X-100 
(1086031000, VWR, Germany), followed by blocking in PBS + 1 mM MgCl2 supplemented with 5% goat serum 
(P30-1001, PAN Biotech, Germany), 5% donkey serum (P30‐0101, PAN Biotech, Germany), and 0.1% Triton 
X-100 for 60 min (2D) or 120 min (3D).

Primary antibodies (Table 1) were diluted in blocking buffer and incubation was carried out for 2 h (2D) or 
4 h (3D) at room temperature, followed by three washes in PBS containing 0.2% Tween-20. Secondary antibodies, 
Hoechst, and Phalloidin (Table 1) were applied for 1 h (2D) or 4 h (3D) under the same respective conditions. All 
incubation times were doubled in 3D compared to 2D to allow diffusion of the solution within the constructs. 
After final washes, 2D samples were kept in PBS at 4 °C until imaging, and 3D gels were placed in Ibidi µ-Dishes 

Primary antibody

Target antigen Host Dilution factor

α-SMA (MA5-11547, Thermo Fisher,
Germany) Mouse 1:500 (0.8 µg ml− 1)

ALDH1A1 (60171-1-Ig, Proteintech,
Germany) Mouse 1:500 (2 µg ml− 1)

ALDH3A1 (68036-1-Ig, Proteintech,
Germany) Mouse 1:400 (2.5 µg ml− 1)

Keratocan (bs-11054R, Thermo
Fisher, Germany) Rabbit 1:200 (5 µg ml− 1)

Lumican (bs-5890R, Thermo Fisher,
Germany) Rabbit 1:200 (5 µg ml− 1)

Collagen I (14695-1-AP, Proteintech,
Germany) Rabbit 1:400 (1.5 µg ml− 1)

Secondary antibody

Fluorophore Reactivity Dilution factor

Alexa Fluor 594 (ab150080, abcam,
Germany) Rabbit 1:400 (2 µg ml− 1)

Alexa Fluor 647 (ab150115, abcam,
Germany) Mouse 1:500 (2 µg ml− 1)

Hoechst (62249, Fisher scientific,
Germany) 1:500 (1 µg ml− 1)

Alexa Fluor 488 Phalloidin (A12379,
Thermo Fischer, Germany) 1:500 (0.12 µg ml− 1)

Table 1.  Antibody list and dilution factors.
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(81158, Ibidi GmbH, Germany). All experimental conditions in 2D and 3D, including backgrounds, were 
performed in three technical triplicates (n = 3).

All samples were imaged using a Zeiss LSM780 confocal microscope with ZEN 2011 SP2 software. Images 
were processed in Imaris (Version 10.2.0, Oxford Instruments) using deconvolution and background subtraction. 
Background controls without primary antibody were conducted for all staining conditions to assess non-specific 
secondary antibody signal and to adjust imaging parameters accordingly. Immunofluorescence staining was 
used as a qualitative assessment of CSK marker expression.

qPCR analysis
qPCR analyses were conducted in 2D cultures. Cells were washed twice with PBS and collected by centrifugation 
at 12,000 × g. The pellet was then snap-frozen in liquid nitrogen prior to RNA extraction. Total RNA was isolated 
using the NucleoSpin RNA Plus kit (740984.50, Macherey-Nagel, Germany) according to the manufacturer’s 
protocol, including the integrated genomic DNA removal step.

cDNA synthesis was performed using a synthesis kit (RevertAid First Strand cDNA Synthesis, K1622, 
Thermo Fisher, Germany). Gene expression was quantified by qRT-PCR reactions, performed on 10 µg cDNA 
using the Sso Advanced Universal SYBR Green Supermix (1725270 Bio-Rad, US) and the Bio-Rad CFX Opus 
384 Thermocycler following the program described in Table 2. All experimental conditions were performed in 
three technical triplicates (n = 3).

Fold change was calculated by the 2−∆∆Ct method.

	 ∆Ct = Ct (T arget) − Ct (Reference)

	 ∆∆Ct = ∆Ct (Sample) − ∆Ct (Control)

	 F old change = 2−∆∆Ct

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as housekeeping gene and no-template 
controls (NTC) were included in all qPCR assays to confirm the absence of contamination and non-specific 
amplification. Primer efficiency was determined for all primer pairs using a five-point 1:2 serial dilution of 
pooled cDNA. Briefly, cDNA obtained from two reverse transcription reactions was pooled and serially diluted 
from 1:2 to 1:32 using nuclease-free water. qPCR reactions were performed in three technical triplicates (n = 3). 
Primer efficiency and corresponding R² values were calculated from the standard curves generated by plotting 
Ct values against the logarithm of the relative cDNA dilution factor.

The range of the fold change was then calculated based on the standard deviations (s) from the Ct values.

	 2−(∆∆Ct±s), with s =
√

(starget)2 − (sreference)2

The level of expression of CSK markers before and after differentiation in 2D cultures was compared to the level 
of expression of these markers in BM-MSC cultivated in MSC medium. The level of expression was normalized 
to BM-MSC prior to differentiation in 2D cultures. Primer sequences, PCR efficiencies, and corresponding R² 
values are summarized in Table 3. Although minor variations in amplification efficiency were observed between 
primer pairs, all assays demonstrated sufficient performance for relative quantification using the 2−ΔΔCt method.

Target Forward primer Reverse primer Efficiency R²

α-SMA ​G​A​G​A​C​C​C​T​G​T​T​C​C​A​G​C​C​A​T​C ​C​G​T​G​A​T​C​T​C​C​T​T​C​T​G​C​A​T​T​C​G 102.85% 0.99808

ALDH1A1 ​A​A​A​G​C​C​A​T​A​A​C​A​A​T​C​T​C​C​T​C​T​G ​T​A​C​T​C​T​C​C​C​A​G​T​T​C​T​C​T​T​C​C 80.84% 0.98255

ALDH3A1 ​G​A​C​T​A​C​A​T​C​C​T​C​T​G​T​G​A​C​C​C ​C​C​T​T​C​T​G​G​C​C​C​T​C​A​A​T​C​A​G 91.13% 0.99510

Keratocan ​G​A​A​A​A​A​G​G​A​G​C​C​C​T​A​A​G​C​C​A ​C​T​C​C​A​G​A​T​T​G​C​T​A​A​A​G​G​T​C​C​C​T 108.88% 0.94649

Lumican ​C​A​A​G​A​C​A​G​T​A​A​G​G​A​T​T​C​A​A​A​C​C ​T​A​C​C​A​C​C​A​A​T​C​A​A​T​G​C​C​A​G 93.14% 0.99791

GAPDH ​G​T​C​A​A​G​G​C​T​G​A​G​A​A​C​G​G​G​A​A ​C​T​T​T​T​G​G​C​T​C​C​C​C​C​C​T​G​C​A​A​A​T 94.73% 0.99660

Table 3.  qPCR primers.

 

Cycle step Temperature [°C] Time [s] Cycles

Polymerase activation
and initial denaturation 95 30 1

Denaturation 95 10 40

Annealing and extension 62 15 40

Plate read 62 - 40

Melt curve 65–95
(0.5 increments) 5 1

Table 2.  qPCR cycling program.
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Statistical analysis
All results were presented as mean ± standard deviation (SD) with the corresponding sample size described 
in the respective figure captions. Comparisons between multiple experimental groups with two factors were 
conducted using an ordinary one-way ANOVA with Tukey’s post hoc test (Prism 10.1.2, GraphPad Software, 
Boston, USA). Statistical significance was labeled as *p < 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001.

Results
Human-derived serum alternatives promote increased metabolic activity after cell seeding
The XTT assay was conducted on days 1, 4, and 7 after cell seeding to evaluate the metabolic activity of BM-MSC 
cultured in Mesenpan medium supplemented with different serum alternatives (Fig. 2).

In all conditions, metabolic activity increased significantly from day 1 to day 4. Mean absorbance values 
increased from 0.0925 ± 0.0021 to 0.2929 ± 0.0236 in the FBS condition (p = 0.0002), from 0.1505 ± 0.0397 to 
0.3944 ± 0.0626 in the hPL group (p = 0.0058), and from 0.2023 ± 0.0349 to 0.5021 ± 0.0792 in the HS condition 
(p = 0.0047).

Between days 4 and 7, only a slight additional increase was observed in the FBS condition (0.3692 ± 0.0487). 
Metabolic activity remained stable in the hPL condition (0.3982 ± 0.0280), whereas a significant decrease was 
measured in the HS condition (0.3604 ± 0.0184, p = 0.0480). Despite this decline, all conditions still showed 
an overall significant increase in metabolic activity from day 1 to day 7 (FBS p = 0.0009, hPL p = 0.0014, HS 
p = 0.0043).

At early time points (days 1 and 4), cells cultured with hPL and HS exhibited higher metabolic activity 
than those cultured with FBS. This difference was statistically significant for HS compared with FBS on day 
1 (p = 0.0081) and day 4 (p = 0.0139). By day 7, no significant differences in metabolic activity were observed 
among the three conditions.

Human-derived serum-supplemented culture media enable MSC to meet the minimum 
criteria of their characteristic surface markers
BM-MSC supplemented with different serum conditions were characterized by flow cytometry to assess the 
expression of MSC surface markers (Fig. 3).

Fig. 2.  Metabolic activity of pooled BM-MSC cultivated in Mesenpan with 2% FBS, 2% hPL, or 2% HS at 
different timepoints. Timepoints are days after seeding cells with a density of 2,000 cells per well of a 96-
well plate. Specific absorbance is measured 2 h after incubation with the XTT reagent. Data are presented 
as mean ± standard deviation of three technical replicates (n = 3). * p-value < 0.05, ** p-value < 0.01, *** 
p-value < 0.001, all other differences are not significant.
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Cells cultured with 2% FBS showed clear expression of the MSC markers CD73, CD90, and CD105, while 
CD45 was not detected. CD90 expression appeared lower compared to CD73 and CD105. A similar expression 
pattern was observed for BM-MSC cultured with 2% hPL, with positive expression of CD73, CD90, and CD105 
and no detectable CD45 signal.BM-MSC cultivated with 2% HS also expressed CD73 and CD105, while CD90 
showed lower expression levels, consistent with the other serum conditions. CD45 remained negative in this 
condition.

Overall, these results confirm that BM-MSC expanded with FBS, hPL, or HS retain a typical MSC 
immunophenotype, characterized by the expression of CD73, CD90, and CD105 and the absence of CD4542.

Serum alternatives support keratocyte marker expression following differentiation
To validate the differentiation of BM-MSC towards CSK-MSC, the expression of Collagen 1, of the CSK markers 
ALDH1A1, ALDH3A1, Lumican, and Keratocan, and the myofibroblast marker αSMA were examined by IF. 
Single signals for all immunofluorescence stainings in 2D are provided in the supplementary data (Figs. S1-S6).

Before differentiation, BM-MSC cultured in Mesenpan medium supplemented with 2% FBS showed no 
detectable expression of ALDH1A1, Lumican, Keratocan, or α-SMA (Fig.  4A, top). A low basal signal for 
Collagen I was observed, and only a weak fluorescence signal for ALDH3A1 was detected.

Fig. 3.  Flow cytometry analysis of BM-MSC surface marker expression after expansion in Mesenpan 
supplemented with different serum conditions. Histograms show the expression of the MSC markers CD73, 
CD90, and CD105, and the hematopoietic marker CD45. (A) BM-MSC cultured with 2% FBS. (B) BM-MSC 
cultured with 2% hPL. (C) BM-MSC cultured with 2% HS. Representative flow cytometry histograms from one 
technical replicate. All conditions were performed in three technical triplicates (n = 3).
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Fig. 4.  Immunostaining of 2D BM-MSC and CSK-MSC supplemented with different serum conditions 
before differentiation. Cells were stained for ALDH1A1 (light pink), Collagen I (orange), ALDH3A1 (dark 
pink), Lumican (turquoise), α-SMA (lilac), and Keratocan (green), with Hoechst nuclear staining (blue) 
and phalloidin actin staining (white). Scale bars represent 50 μm. Representative images from one technical 
replicate per antibody couple. All conditions were performed in three technical triplicates (n = 3). (A) Cells 
cultured with 2% FBS. Top: 2D BM-MSC before differentiation. Bottom: 2D CSK-MSC after differentiation. 
(B) Cells cultured with 2% hPL. Top: 2D BM-MSC before differentiation. Bottom: 2D CSK-MSC after 
differentiation. (C) Cells cultured with 2% HS. Top: 2D BM-MSC before differentiation. Bottom: 2D CSK-MSC 
after differentiation.
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After differentiation, cells previously expanded in FBS expressed the CSK-associated markers ALDH1A1, 
ALDH3A1, Lumican, and Keratocan (Fig. 4A, bottom). The Collagen I signal was detected after differentiation, 
and no expression of the myofibroblast marker α-SMA was detected.

A similar pattern was observed for BM-MSC expanded in Mesenpan medium with 2% hPL. Before 
differentiation, no expression of ALDH1A1, Lumican, Keratocan, or α-SMA was detected (Fig. 4B, top), while 
Collagen I and ALDH3A1 were detected. Following differentiation, cells expressed ALDH1A1, ALDH3A1, 
Lumican, and Keratocan (Fig. 4B, bottom). Collagen I staining was detected after differentiation, and α-SMA 
remained undetectable.

Before differentiation, BM-MSC cultured with 2% HS showed a marker expression profile comparable to 
that observed in the FBS and hPL conditions (Fig. 4C, top). After differentiation, CSK-MSC derived from HS-
expanded BM-MSC displayed a similar marker pattern to the other serum conditions, with positive staining for 
ALDH1A1, ALDH3A1, Lumican, and Keratocan, together with positive Collagen I staining, while α-SMA was 
not detected (Fig. 4C, bottom).

Together, these results indicate that BM-MSC expanded in FBS, hPL, or HS retain the ability to differentiate 
in 2D culture into cells with a CSK-like phenotype, showing positive staining of key keratocyte markers across 
all serum conditions.

Serum alternatives promote transcriptional changes toward a keratocyte-like phenotype
To further assess the differentiation process, the relative gene expression of CSK-associated markers was 
quantified by qPCR before and after differentiation and normalized to BM-MSC cultured in FBS.

ALDH1A1 expression was significantly upregulated in CSK-MSC derived from cells cultivated in hPL 
(17.61 ± 0.48, p < 0.0001) and HS (80.23 ± 0.15, p < 0.0001), as well as in HCK (3.19 ± 0.49, p = 0.0122), compared 
with BM-MSC in FBS (Fig. 5A). Moreover, cells expanded in hPL and HS showed a further increase in ALDH1A1 

Fig. 5.  Comparative analysis of the expression of the CSK markers ALDH1A1 (A), ALDH3A1 (B), Keratocan 
(C), Lumican (D), and αSMA (E) before and after differentiation of BM-MSC in 2D. Expression was compared 
to human corneal keratocytes (HCK). The housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was used as a reference and the expression in cells before differentiation cultivated in FBS was 
used for comparison. The fold change is shown on a logarithmic scale. Data are presented as mean ± standard 
deviation of three technical replicates (n = 3). * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.001, **** 
p-value ≤ 0.0001.
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expression after differentiation relative to their undifferentiated counterparts. The expression level in HCK was 
intermediate compared with CSK-MSC samples.

In contrast, ALDH3A1 was significantly upregulated in CSK-MSC cultivated in FBS before differentiation 
(7.95 ± 0.91, p < 0.0001) and strongly expressed in HCK (47.17 ± 0.08, p < 0.0001) compared with BM-MSC in 
FBS (Fig. 5B). An additional increase in ALDH3A1 expression was observed after differentiation in HS-cultured 
cells. Overall, HCK exhibited higher ALDH3A1 expression than all CSK-MSC groups.

Keratocan expression was significantly upregulated in CSK-MSC cultivated in FBS (7.16 ± 0.245, p < 0.0001) 
and HS (3.70 ± 0.93, p = 0.0215) after differentiation when compared with undifferentiated BM-MSC (Fig. 5C). 
The CSK-MSC in FBS was analyzed in a separate assay using the same housekeeping gene, ensuring consistent 
normalization. CSK-MSC generated in FBS, hPL or HS displayed comparable or higher Keratocan expression 
than HCK.

Lumican expression was significantly increased in all CSK-MSC conditions relative to BM-MSC in FBS (FBS: 
2.46 ± 0.21, p = 0.0384; hPL: 3.51 ± 0.30, p = 0.0006; HS: 13.27 ± 1.12, p < 0.0001) (Fig. 5D). HCK also showed a 
strong upregulation of Lumican (11.56 ± 0.98, p < 0.0001). Overall expression levels in HCK and CSK-MSC were 
comparable.

The myofibroblast marker α-SMA was significantly downregulated in CSK-MSC derived from cell cultivated 
in FBS (0.041 ± 0.02, p < 0.0001) and hPL (0.20 ± 0.04, p < 0.0001) compared to BM-MSC in FBS. All differentiated 
conditions showed either downregulated or comparable α-SMA expression relative to HCK, consistent with the 
maintenance of a quiescent CSK-like phenotype (Fig. 5E).

3D RA-GelMA culture enables stable keratocyte-like differentiation
Immunofluorescence staining was performed to evaluate marker expression in 3D-encapsulated BM-MSC 
cultured in GelMA and supplemented with different serum alternatives before and after differentiation toward a 
CSK-like phenotype. Single signals for all immunofluorescence stainings in 3D are provided in the supplementary 
data (Figs. S7-S12).

Before differentiation, cells encapsulated in 30 wt% RA-GelMA and cultured in Mesenpan supplemented 
with 2% FBS showed detectable expression of ALDH1A1, ALDH3A1, and Collagen I, with detectable signal for 
Lumican (Fig. 6A, top). In contrast, Keratocan and α-SMA were not detected. After differentiation, CSK-MSC 
exhibited positive staining for the CSK-associated markers ALDH1A1, ALDH3A1, Collagen I, Lumican, and 
Keratocan (Fig. 6A, bottom), while α-SMA remained undetectable.

A comparable baseline marker profile was observed for 3D BM-MSC cultured with 2% hPL before 
differentiation, with detectable expression of ALDH1A1, ALDH3A1, Collagen I, and Lumican, and absence 
of Keratocan and α-SMA (Fig.  6B, top). After differentiation, CSK-MSC derived from hPL-expanded cells 
expressed ALDH1A1, ALDH3A1, Collagen I, Lumican, and Keratocan, while α-SMA expression remained 
absent (Fig. 6B, bottom).

For cells cultured in 3D with 2% HS, fluorescence signals for ALDH3A1, Collagen I, and Lumican were 
observed before differentiation, whereas ALDH1A1, Keratocan, and α-SMA were not detected (Fig.  6C, 
top). After differentiation, positive staining for all CSK markers, including ALDH1A1, ALDH3A1, Lumican, 
Keratocan, and Collagen I, were observed (Fig. 6C, bottom). Most cells remained negative for α-SMA, although 
localized signals were occasionally detected.

Overall, these results indicate that BM-MSC encapsulated in RA-GelMA and expanded with FBS, hPL, or HS 
retain the capacity to differentiate in 3D culture toward a CSK-like phenotype, characterized by the presence of 
keratocyte-associated markers and minimal expression of the myofibroblast marker α-SMA.

Discussion
In this study, the effect of animal-free serum alternatives on BM-MSC metabolic activity and differentiation 
toward a CSK-like phenotype was evaluated in both 2D and 3D cultures. Overall, the results show that human-
derived supplements, such as hPL and HS, can successfully support BM-MSC expansion and keratocyte 
differentiation, with performances comparable to conventional FBS conditions.

The XTT assay demonstrated a continuous increase in metabolic activity over time in all culture conditions, 
indicating good cell adaptation. At early time points, hPL and HS supported higher metabolic activity than FBS, 
suggesting that these human-derived supplements provide a favorable environment for BM-MSC growth, as 
previously reported for human platelet lysate and human serum-based culture systems22,25,43. A slight decrease 
in metabolic activity was observed in HS at later time points, this may reflect a stabilization phase following 
the initially enhanced metabolic activity observed at earlier time points, potentially associated with increasing 
cell density or adaptation to the serum environment. Importantly, all groups still showed a significant overall 
increase from day 1 to day 7, confirming that serum replacement did not impair cell survival.

Flow cytometry results showed that the type of serum influenced the MSC phenotype. BM-MSC cultured 
with 2% FBS exhibited a typical MSC marker profile, with positive expression of CD73, CD90, and CD105 
and no expression of CD45, indicating that their mesenchymal identity was well preserved consistent with the 
minimal criteria defined by the International Society for Cellular Therapy42. A similar trend was observed in 
hPL and HS conditions, where cells expressed CD73 and CD105, with lower CD90 levels, and a population 
co-expressing the MSC markers without CD45 was detected. The slightly lower CD90 expression observed in 
BM-MSC may reflect the dynamic regulation of this marker during culture and may also be consistent with 
early stromal lineage commitment, as CD90 expression is generally reduced in quiescent CSK compared to 
mesenchymal progenitor cells44,45.

Immunofluorescence results in 2D culture showed that undifferentiated BM-MSC had low or absent 
expression of CSK markers, with only basal Collagen I and weak ALDH3A1 signals. After differentiation, cells 
cultured in FBS, hPL, or HS showed positive staining for the key keratocyte markers ALDH1A1, ALDH3A1, 
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Fig. 6.  Immunostaining of 3D pooled BM-MSC and CSK-MSC encapsulated in 30 wt% RA-GelMA and 
cultured in Mesenpan supplemented with different serum conditions before and after differentiation. Cells 
were stained for ALDH1A1 (light pink), Collagen I (orange), ALDH3A1 (dark pink), Lumican (turquoise), 
α-SMA (lilac), and Keratocan (green) with Hoechst nuclear staining (blue) and phalloidin actin staining 
(white). Cells were encapsulated in 30 wt% RA-GelMA at a density of 2 × 10⁶ cells/mL. Scale bars represent 
50 μm. Representative images from one technical replicate per antibody couple. All conditions were performed 
in three technical triplicates (n = 3). (A) Cells cultured with 2% FBS. Top: 3D BM-MSC before differentiation. 
Bottom: 3D CSK-MSC after differentiation. (B) Cells cultured with 2% hPL. Top: 3D BM-MSC before 
differentiation. Bottom: 3D CSK-MSC after differentiation. (C) Cells cultured with 2% HS. Top: 3D pooled 
BM-MSC before differentiation. Bottom: 3D CSK-MSC after differentiation.
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Lumican, and Keratocan, and Collagen I. Importantly, α-SMA was not detected following differentiation, 
indicating that the cells did not transition toward a myofibroblast phenotype, which is associated with fibrosis 
and loss of corneal transparency46.

These findings were confirmed at the gene level by qPCR analysis for the 2D cultures. Significant upregulation 
of ALDH1A1 and Lumican was observed after differentiation, particularly in hPL and HS conditions, with 
expression levels comparable to human corneal keratocytes. In parallel, α-SMA expression was strongly 
downregulated in differentiated samples, indicating the acquisition of a keratocyte-like phenotype rather than 
a fibrotic profile. These results are consistent with a previous report47 showing that hPL can support corneal 
stromal cell culture while preserving key phenotypic features, although its effect is concentration dependent. 
In particular, the presence of bioactive factors such as Hepatocyte growth factor and FGF-2 in hPL has been 
suggested to contribute to the suppression of myofibroblast differentiation47. In this context, the maintained or 
enhanced expression of stromal markers observed in our study, especially in hPL and HS conditions, may indicate 
that human-derived supplements provide a microenvironment that supports stromal lineage commitment while 
limiting fibrotic activation.

The 3D experiments in GelMA further supported the relevance of the model. Before differentiation, 
encapsulated BM-MSC showed detectable staining for ALDH1A1, ALDH3A1, Collagen I, and Lumican, 
while Keratocan and α-SMA were absent. After differentiation, positive staining for all primary CSK markers, 
including Keratocan, were observed across FBS, hPL, and HS conditions, with minimal or no α-SMA signal. This 
indicates that the 3D hydrogel environment supports keratocyte maturation while maintaining a non-fibrotic 
phenotype, highlighting the ability of 3D-based systems to support cell differentiation and matrix remodeling 
for corneal tissue engineering7,35,37.

From a translational perspective, replacing FBS with hPL or HS is highly relevant for the development of 
clinically applicable corneal models. Animal-derived serum is associated with batch variability, immunological 
risks, and regulatory limitations. In contrast, human-derived supplements are more suitable for the development 
of xeno-reduced culture systems and are better aligned with clinical and GMP requirements40. However, human-
derived supplements may also present donor-to-donor and batch-to-batch variability, potentially influencing 
growth factor composition and cellular responses. The use of pooled donor products may help reduce this 
variability and improve reproducibility while maintaining the advantages of xeno-reduced culture systems48–51. 
Nevertheless, the comparable differentiation outcomes observed in all serum conditions suggest that FBS is not 
required to obtain a stable CSK-like phenotype post-differentiation.

The use of animal-free serum alternatives represents an important step toward clinically relevant systems52. 
A limitation of this study is the use of pooled BM-MSC from three donors, which prevented assessment of 
donor-to-donor variability. In addition, our current approach is not yet fully xeno-free due to the use of GelMA 
derived from bovine gelatin. As gelatin can be produced under GMP-compliant conditions and is already used 
clinically53, this provides a promising basis for future translation. In addition, the use of visible light crosslinking 
further supports the development of safer and more clinically compatible biofabrication strategies54,55. Building 
on this, future efforts should focus on transitioning toward fully defined or recombinant human-based hydrogels 
to establish completely xeno-free systems and further evaluate their suitability for translational corneal tissue 
engineering applications.

Conclusion
BM-MSC cultured with hPL or HS retained high metabolic activity and efficiently differentiated into CSK-
like cells in both 2D and 3D environments, with appropriate CSK marker expression and low myofibroblast 
activation. These findings demonstrate that human-derived serum alternatives can support the maintenance and 
differentiation of stromal cell phenotypes under xeno-reduced culture conditions. The established culture strategy 
represents a step toward more clinically relevant and xeno-reduced corneal tissue engineering approaches. 
These findings support future studies exploring the application of human-derived serum alternatives in corneal 
bioprinting, automated in situ repair models, and regenerative ophthalmology.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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