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Abstract
Purpose

Platelets are a major source of growth factors essential for hemostasis, angiogenesis, and tissue regeneration,
including in the human cornea. This study evaluated the stability of key growth factors in umbilical cord blood—
derived platelet lysate (UCB-PL) during six months of storage at —20 °C to assess its suitability for corneal cell
culture and regenerative applications.

Methods

UCB-PL was prepared from ten umbilical cord blood units unsuitable for allogeneic hematopoietic stem cell
transplantation. Concentrations of TGF-f, PDGF-BB, EGF, VEGF-A, VEGF-D, BDNF, and HGF were
measured immediately after preparation and after 3 and 6 months of storage at —20 °C using a microsphere-
based assay performed on a Luminex 200 fluoroanalyzer.

Results

Most growth factors involved in corneal repair, including BDNF, EGF, HGF, VEGF-A, VEGF-D, and PDGF-
BB, remained stable during short-term storage, with peak concentrations observed after three months. In
contrast, TGF-f levels declined significantly over time and fell below the detection limit after six months of
storage. These findings indicate that storage at —20 °C preserves the biological activity of most growth factors
for up to three months, whereas prolonged storage adversely affects less stable proteins.

Conclusion

UCB-PL maintains biologically relevant levels of key growth factors and represents a promising animal-free
supplement for corneal cell culture, regenerative therapies, and wound-healing applications. Short-term storage
at —20 °C is recommended to ensure optimal growth factor stability and bioactivity for tissue banking and
clinical use.

Keywords: umbilical cord blood; platelet lysate; corneal regeneration; growth factor stability; tissue banking
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1. Introduction

Platelets are fundamental mediators of primary hemostasis, wound repair, and tissue regeneration. Their
lysosomes and diverse granule populations contain a variety of bioactive molecules, including energy substrates,
enzymes, coagulation factors, adhesion molecules, chemokines, immune mediators, and growth factors, all of
which contribute critically to hemostatic processes, angiogenesis, and tissue restoration (Chaudhary et al., 2022).
Among the growth factors contained within platelets, platelet-derived growth factor AB (PDGF-AB),
transforming growth factor B1 (TGF-B1), fibroblast growth factor (FGF), and vascular endothelial growth factor
(VEGF) are particularly relevant to ocular tissue regeneration (Ali6 et al., 2019). The principal growth factors
implicated in ocular tissue repair are summarized in Table 1.

Platelet a-granules are enriched with mitogenic and chemotactic growth factors, as well as inactive molecular
precursors essential for tissue repair and regeneration (Burnouf et al., 2016, Graca et al., 2023). The release of
these bioactive molecules may occur physiologically via thrombin activation and subsequent clot formation or
may be induced artificially through platelet lysis methods, including repeated freeze—thaw cycles, sonication, or
chemical treatment. Among these, repeated freeze—thaw cycles are widely regarded as the most accessible,
efficient, and cost-effective approach to induce platelet lysis and release trophic factors, thereby generating a
platelet lysate.

Human platelet lysate (hPL) has therefore emerged as a viable, animal component—free supplement that is rich in
growth factors and, in most instances, derived from expired platelet units. hPL represents a safe and effective
alternative to recombinant growth factors or animal-derived supplements for both in vitro and in vivo
applications. Platelet concentrates obtained from healthy donors provide a secure source for hPL production;
however, their routine availability for laboratory purposes is constrained by logistical limitations (Schallmoser et
al., 2020).

Umbilical cord blood (UCB), collected post-delivery via venipuncture of umbilical cord vessels, constitutes a
rich source of hematopoietic stem and progenitor cells (HSPCs). UCB has been extensively utilized for HSPC
transplantation in patients with hematologic malignancies, immunodeficiencies, and metabolic disorders.
Notably, approximately 80% of UCB units stored in cord blood banks are deemed unsuitable for allogeneic
transplantation due to insufficient cellularity. Nevertheless, these units retain significant regenerative and anti-
inflammatory potential, in addition to low immunogenicity and minimal risk of disease transmission (Bien et al.,
2024; Wang et al., 2023).

UCB units unsuitable for transplantation can be employed in the production of umbilical cord blood platelet
lysate (UCB-PL). UCB-PL has demonstrated utility in the treatment of inflammatory disorders and tissue
injuries requiring enhanced regenerative support. Moreover, it has been shown to facilitate the expansion and
proliferation of mesenchymal stromal cells in vitro (Christou et al., 2018; Samarkanova et al., 2020; Giannaccare
et al., 2020; Valentini et al., 2019).

In the field of ophthalmology, UCB-PL has been applied to the management of dry eye syndrome, corneal burns,
and ulcerative lesions. Its high concentration of growth factors involved in cellular migration, proliferation, and
corneal repair underscores its potential for maintaining corneal integrity and positively modulating the biological
characteristics of human corneal endothelium during in vitro storage and culture (Christou et al., 2018; Farag et
al., 2022; Tovar et al., 2021).

The objective of this study was to evaluate the concentration of growth factors involved in ocular tissue repair in
UCB-PL and to investigate the stability of these growth factors during six months of storage at —20 °C.



2. Materials and Methods
2.1. Umbilical Cord Blood Collection and Selection

Umbilical cord blood (UCB) units were collected immediately after delivery by venipuncture of the umbilical
vein under standard aseptic conditions. Units were included in the study if they did not meet the criteria for
allogeneic hematopoietic stem cell transplantation, specifically total nucleated cell count < 14 x 10%/L, collected
volume > 100 mL, or platelet count > 150 x 10°/L.

A total of ten UCB units were obtained from healthy donors following written informed consent. All procedures
were conducted in accordance with the Declaration of Helsinki and approved by the Institutional Ethics Review
Board (approval number 02/21 AG, dated 20 December 2021). Donor serological screening was performed in
compliance with the guidelines of the European Directorate for the Quality of Medicines & HealthCare.

2.2. Preparation of UCB-PL

UCB-PL was prepared from the ten selected UCB units using the protocol described by Golubi¢ Cepuli¢ et al.
(2009). Platelet-rich plasma was separated from each unit and subsequently subjected to controlled freeze—thaw
cycles to induce platelet lysis, releasing growth factors and other bioactive molecules. The lysate was clarified
by centrifugation and stored in sterile aliquots at —20 °C until further analysis. All procedures were carried out
under sterile conditions to maintain sample integrity.

UCB-PL was produced in two steps: first, UCB platelet concentrate (UCB-PC) was prepared using double-spin
centrifugation, and then UCB-PL was produced through freeze-thawing (-80/+37 °C) (Samarkanova et al., 2020).
A closed bag system (BioNest-CB, Meditalia, Italy) was used for UCB-PC production, with platelet counts
ranging from 800 to 1200 x 10°/L (Samarkanova et al., 2020).

2.3. Quality Control and Volume Determination

Initial quality control of each UCB unit included complete blood count analysis using a hematology analyzer
(ADVIA 21201, Siemens, Germany) and volume determination by gravimetric methods. The weight of each
blood component was measured using an electronic scale (PGL 3002, Adam Equipment Co. Ltd., United
Kingdom), and volume was calculated based on the specific gravity of blood components as outlined in the
Standards for Blood Banks and Transfusion Services.

The absolute number of total nucleated cells was calculated using the formula:
TNC (x 108) = white blood cell count (x 10°/L) X collected blood volume (mL) + 100.
2.4. Storage of UCB-PL

UCB-PL samples were aliquoted into 1.8 mL cryoampoules (CryoPure, Sarstedt, Germany) and stored at —20 °C
(Arctic 600, Fiocchetti, Italy) for up to six months.

2.5. Growth Factor Stability Analysis

Concentrations of TGF-p, PDGF-BB, EGF, VEGF-A, VEGF-D, BDNF, and HGF were measured immediately

after UCB-PL preparation and after 3 and 6 months of storage at —20 °C. Growth factor levels were determined
using a microsphere-based immunoassay on a Luminex 200 fluoroanalyzer (Luminex Corporation, Austin, TX,
USA). Commercially available multiplex panels were used according to the manufacturers’ instructions. TGF-3
measurements included a sample activation step using NaOH/HEPES pretreatment. All samples were analyzed

in duplicate, and growth factor concentrations are reported as mean values of the two measurements.

2.6. Statistical Analysis

Categorical variables are presented as absolute and relative frequencies. Continuous variables are described
using median values and interquartile ranges. Due to the small sample size and paired design, non-parametric
statistical methods were applied. Differences between paired measurements were analyzed using the Wilcoxon
signed-rank test with Hodges—Lehmann estimates of median differences and corresponding 95% confidence
intervals. All statistical tests were two-sided, with significance set at P < 0.05. Statistical analyses were
performed using MedCalc® software (version 23.3.4).



3. Results
3.1. Characteristics of Umbilical Cord Blood and Platelet Lysate

Ten UCB units were included in the analysis. The median collected UCB volume was 105 mL (interquartile
range [IQR] 91.4-118.3 mL). The median absolute platelet count was 22.2 x 10° (IQR 17.3-33.5), the median
absolute leukocyte count was 1.0 x 10° (IQR 0.8—1.3), and the median absolute erythrocyte count was 0.4 x 10'2
(IQR 0.3-0.4). Following double-spin centrifugation, UCB platelet concentrates (UCB-PC) had a median
volume of 8.4 mL (IQR 7.12-11.91 mL). The median absolute platelet count in UCB-PC was 7.3 x 10° (IQR
4.66-13.51), while leukocyte and erythrocyte contamination was minimal, with median values of 0 x 10° (IQR
0-0.01) and 0.1 x 10" (IQR 0.07-0.14), respectively. Detailed characteristics of UCB and UCB-PC are
summarized in Table 2.

3.2. Growth Factor Stability in UCB-PL

Concentrations of TGF-f, PDGF-BB, EGF, VEGF-A, VEGF-D, BDNF, and HGF were measured in ten UCB-
PL preparations at three time points: immediately after preparation (day 0), after three months, and after six
months of storage at —20 °C. Growth factor concentrations are reported as mean values of duplicate
measurements (pg/mL). The results are summarized in Table 3.

3.2.1. Transforming Growth Factor- (TGF-§)

TGF-B concentrations were highest at the initial measurement, with a mean value of 2205.9 pg/mL. After three
months of storage at —20 °C, TGF-J levels decreased by approximately 31%. After six months, TGF-3
concentrations declined below the detection limit of the assay. Statistically significant differences were observed
between all measurement time points (P < 0.001). The results are presented in Table 3 and Figure 1.

3.2.2. Brain-Derived Neurotrophic Factor (BDNF)

BDNF concentrations increased markedly during early storage. After three months at —20 °C, BDNF levels
increased by approximately 196%, reaching the highest mean concentration observed during the study period
(2296.2 pg/mL). After six months, BDNF concentrations decreased by approximately 52% compared with
baseline values. Differences between all measurement points were statistically significant (P < 0.001). Results
are shown in Table 3 and Figure 2.

3.2.3. Epidermal Growth Factor (EGF)

EGF concentrations increased during storage. After three months at —20 °C, EGF levels increased by
approximately 317%, while after six months they remained elevated, showing a 93% increase compared with
baseline values. The highest EGF concentrations were observed after three months of storage (488.4 pg/mL).
Differences between all measurement points were statistically significant (P < 0.001). Data are presented in
Table 3 and Figure 3.

3.2.4. Hepatocyte Growth Factor (HGF)

HGF concentrations increased substantially after three months of storage, with a mean increase of approximately
348% compared with baseline values. After six months, HGF levels decreased by approximately 83.2% relative
to initial concentrations. Statistically significant differences were observed between all time points (P < 0.001).
Results are summarized in Table 3 and Figure 4.

3.2.5. Platelet-Derived Growth Factor-BB (PDGF-BB)

PDGF-BB concentrations increased progressively throughout the storage period. After three months of storage at
—20 °C, PDGF-BB levels increased by approximately 2247% compared with baseline values. After six months,
concentrations further increased, reaching the highest observed mean value (2248.5 pg/mL), corresponding to an
increase of approximately 3521%. Statistically significant differences were detected between baseline and both
subsequent time points (P < 0.05). Results are shown in Table 3 and Figure 5.



3.2.6. Vascular Endothelial Growth Factor-A (VEGF-A)

VEGF-A concentrations increased modestly during storage. After three months at —20 °C, levels increased by
approximately 40%, while after six months they remained elevated by approximately 24% compared with
baseline values. VEGF-A concentrations at three months were significantly higher than both baseline and six-
month values (P < 0.05). Results are presented in Table 3 and Figure 6.

3.2.7. Vascular Endothelial Growth Factor-D (VEGF-D)

VEGF-D concentrations increased by approximately 26% after three months of storage at —20 °C. After six
months, VEGF-D levels declined markedly, decreasing by approximately 93% compared with baseline values.
Statistically significant differences were observed between all measurement points (P < 0.05). Results are
summarized in Table 3 and Figure 7.

4. Discussion

Platelets play a central role in hemostasis, tissue repair, and regeneration owing to their high content of
biologically active molecules stored within cytoplasmic granules (Chaudhary et al., 2022; Bieback et al., 2019).
Among these, platelet-derived growth factors such as PDGF-AB/BB, TGF-B1, EGF, VEGFs, FGF, HGF, and
neurotrophic factors including BDNF regulate key cellular processes involved in proliferation, migration,
extracellular matrix synthesis, angiogenesis, and wound healing (Ali6 et al., 2019; Burnouf et al., 2016). In the
present study, we investigated the stability of growth factors in UCB-PL during storage at —20 °C, with
particular emphasis on factors relevant to corneal tissue regeneration. UCB-PL was produced from UCB units
deemed unsuitable for allogeneic hematopoietic stem cell transplantation but retaining significant regenerative
and anti-inflammatory potential (Bien et al., 2024; Wang et al., 2023). Platelet concentrates were prepared using
double-spin centrifugation and lysed through repeated freeze—thaw cycles, a widely applied and cost-effective
method for releasing intracellular growth factors (Burnouf et al., 2016; Samarkanova et al., 2020a). The
characteristics of the resulting UCB platelet concentrates were consistent with previously reported data,
supporting the feasibility and reproducibility of this production approach (Rebulla et al., 2016; Valentini et al.,
2019).

Analysis of growth factor concentrations revealed distinct stability profiles during storage. Most growth factors,
including BDNF, EGF, HGF, VEGF-A, VEGF-D, and PDGF-BB, demonstrated increased concentrations after
three months of storage at —20 °C. This transient increase is most likely attributable to delayed platelet lysis and
continued release of growth factors from intracellular granules during early storage, as previously described for
platelet-derived preparations (Zimmermann et al., 2003; Strandberg et al., 2017). In contrast, TGF-f exhibited
marked instability, with concentrations declining progressively and falling below the assay detection limit after
six months of storage. These findings indicate that growth factor stability in UCB-PL is factor-specific and
influenced by intrinsic protein properties, storage temperature, and duration (Diiregger et al., 2016; Liu et al.,
2024). Among the analyzed factors, PDGF-BB demonstrated the greatest stability, with concentrations
remaining elevated throughout the entire six-month storage period. PDGF-BB is known to stimulate corneal
endothelial cell proliferation and migration and plays a critical role in tissue repair processes (Alio et al., 2019;
Liet al., 2023). Sustained availability of PDGF-BB may therefore be particularly advantageous for regenerative
ophthalmic applications. VEGF-A and VEGF-D exhibited moderate stability, with peak concentrations observed
after three months followed by partial declines at six months, consistent with previous reports describing their
sensitivity to prolonged storage (Schér et al., 2015; Wu et al., 2023). BDNF and EGF also showed early
increases in concentration followed by subsequent decreases, suggesting that short-term storage optimizes their
availability while limiting degradation. BDNF plays an important role in corneal nerve maintenance and
epithelial integrity, while EGF is a key regulator of epithelial proliferation and wound healing (Strandberg et al.,
2017; Tovar et al., 2021). These dynamics further support the use of UCB-PL within a defined storage window
to preserve maximal biological activity. The pronounced instability of TGF-f during prolonged storage
represents a critical limitation for extended shelf life of UCB-PL. Although TGF-f is essential for extracellular
matrix regulation and tissue remodeling, its excessive or prolonged activity has been associated with fibrotic
responses (Parnell, 2011; Li et al., 2023). Consequently, the observed decline of TGF- during storage may have
both limiting and potentially beneficial implications, depending on the intended therapeutic application.

Collectively, the growth factors identified in UCB-PL; PDGF-BB, VEGF-A, VEGF-D, HGF, EGF, BDNF, and
TGF-p are known to support key aspects of corneal endothelial cell biology, including proliferation, migration,



angiogenic signaling, and tissue repair (Ali6 et al., 2019; Giannaccare et al., 2020; Farag et al., 2022). The
presence and short-term stability of these factors support the use of UCB-PL as an animal-free alternative to fetal
bovine serum for corneal cell culture and regenerative applications.

From a practical standpoint, the findings highlight the importance of optimized production and storage protocols.
While three freeze—thaw cycles effectively released a broad spectrum of growth factors, the observed
concentration dynamics suggest that additional optimization of lysis and storage conditions may further improve
product consistency (Passaretti et al., 2014; Palombella et al., 2022; Oeller et al., 2023). Based on the present
data, short-term storage at —20 °C, limited to approximately three months, appears optimal for preserving the
biological activity of most growth factors in UCB-PL.

5. Conclusions

This study demonstrates that umbilical cord blood—derived platelet lysate can be reliably produced from cord
blood units unsuitable for allogeneic hematopoietic stem cell transplantation and provides a biologically relevant
profile of growth factors associated with corneal tissue regeneration. UCB-PL contains detectable levels of
PDGF-BB, VEGF-A, VEGF-D, HGF, EGF, BDNF, and TGF-f, supporting its potential application as an
animal-free supplement for corneal cell culture and regenerative therapies. Short-term storage at —20 °C
preserves the stability of most growth factors for up to three months, whereas prolonged storage leads to
selective degradation, most notably of TGF-f. These findings underscore the need for carefully optimized
production and storage protocols to maintain bioactivity and therapeutic potential. Overall, UCB-PL represents a
promising, ethically acceptable alternative to animal-derived supplements in ophthalmic and regenerative
medicine applications.
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differences are indicated (*P < 0.05).
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Figure 2. Differences in BDNF concentrations between time points.

Data are presented as median with 95% confidence intervals. Statistically significant differences

are indicated (*P < 0.05).
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Figure 3. Differences in EGF concentrations between time points.

Data are presented as median with 95% confidence intervals. Statistically significant differences

are indicated (*P < 0.05).
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Figure 4. Differences in HGF concentrations between time points.

Data are presented as median with 95% confidence intervals. Statistically significant differences

are indicated (*P < 0.05).
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Figure 5. Differences in PDGF-BB concentrations between time points.

Data are presented as median with 95% confidence intervals. Statistically significant differences

are indicated (*P < 0.05).
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Figure 6. Differences in VEGF-A concentrations between time points.

Data are presented as median with 95% confidence intervals. Statistically significant differences

are indicated (*P < 0.05).
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Figure 7. Differences in VEGF-D concentrations between time points.

Data are presented as median with 95% confidence intervals. Statistically significant differences

are indicated (*P < 0.05).
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