Pre prints.org

Article Not peer-reviewed version

Freeze-Drying of Platelet-Rich Plasma
and Its Effect on Wound Healing: An In
Vivo Pilot Case Study

Himanshu Bansal * , Alnkrita Bansal , Irfan Khan , Anupama Bansal , Shahnawaz Hussein Khan, Jerry Leon ,
Mustafa Al Maini, Matias Fernandez Vifia

Posted Date: 31 March 2026
doi: 10.20944/preprints202603.2452.v1

Keywords: platelet-rich plasma; freeze-drying; lyophilization; wound healing; growth factors; regenerative
medicine

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3216883
https://sciprofiles.com/profile/4806116
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2026 d0i:10.20944/preprints202603.2452.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Freeze-Drying of Platelet-Rich Plasma and Its Effect
on Wound Healing: An In Vivo Pilot Case Study

Himanshu Bansal 12*, Alnkrita Bansal 12, Irfan Khan 2, Anupama Bansal !, Shahnawaz Hussein
Khan 3, Jerry Leon ¢4, Mustafa Al Maini 5 and Matias Fernandez Viiia ¢

! Mother Cell Spinal Injury and Stem Cell Research, Anupam Hospital, Rudrapur, Uttarakhand, India
2 Revita Life Sciences, Rudrapur, Uttarakhand, India

3 Department of regenerative medicine, Lovinium Biotech, Asturias, Spain

4 PMR Advance Health Institute Mayaguez, Puerto Rico, USA

5 Mafraq Hospital, Sheikh Shakhbout Medical City, Abu Dhabi, United Arab Emirates

¢ Consultant, Stem Cell Therapy, Argentina

* Correspondence: hbansal@drhbf.org; Tel.: 09634501234

Abstract

Background: Platelet-rich plasma (PRP) is widely used in regenerative medicine because of its high
content of growth factors and cytokines that promote tissue repair. However, fresh PRP is limited by
the rapid loss of bioactivity, compositional variability, and storage challenges. Freeze-dried PRP (FD-
PRP) is a promising alternative with potential for long-term storage and standardized therapeutic
efficacy. Objective: This study aimed to evaluate the biological activity, growth factor preservation,
and wound healing efficacy of FD-PRP compared with fresh PRP using in vitro and in vivo assays.
Methods: PRP from 20 healthy donors was standardized to 5 billion platelets per 4 mL and freeze-
dried using proprietary stabilizers. Platelet morphology, aggregation, and growth factor
concentrations (PDGF, TGF-p1, VEGF, EGF, bFGF, and IGF-1) were assessed before and after
lyophilization. The stability of the samples was monitored over 26 weeks. In vitro wound healing
was assessed in human mesenchymal stem cells (MSCs) using scratch assays. A pilot in vivo study
evaluated the efficacy of FD-PRP in accelerating wound closure in 10 patients over three weeks. Click
or tap here to enter text.Results: FD-PRP retained 82.05% of platelets post-lyophilization, with
preserved morphology and aggregation. Growth factor levels were maintained or increased in FD-
PRP, notably TGF-p1 (2.1-fold) and IGF-1 (3.04-fold) levels. Stability testing demonstrated >90%
retention of platelets and growth factors over 26 weeks. In vitro, FD-PRP accelerated wound closure
(85% at 72 hours) compared to fresh PRP (70%) and saline (30%). In vivo, FD-PRP-treated wounds
showed a mean size reduction of 56.17% %by day 12, which was significantly higher than that in non-
treated regions (23.5%). Conclusion: FD-PRP preserves platelet functionality and key growth factors,
demonstrates excellent storage stability, and enhances wound healing both in vitro and in vivo. These
findings support FD-PRP as a practical and effective alternative to fresh PRP for clinical applications
that require standardized, off-the-shelf regenerative therapies.

Keywords: platelet-rich plasma; freeze-drying; lyophilization; wound healing; growth factors;
regenerative medicine

Introduction

Platelet-rich plasma (PRP) is one of the most commonly used biologics in Regenerative
Medicine, owing to its high content of growth factors and cytokines, which promote tissue repair and
regeneration, revolutionising the therapeutic approaches in Musculoskeletal (MSK) disorders,
aesthetics and wound healing (Marx 2001, Gentile, Garcovich et al. 2015). Over the past decade, it has
been explored as a new therapeutic middleman for treating chronic degenerative diseases
(Ramaswamy Reddy, Reddy et al. 2018).
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Platelet activation releases growth factors, such as Platelet Derived Growth Factor(PDGEF),
Vascular Endothelial Growth Factor(VEGF), Transforming growth factor-a/p (TFF-ct/(3), Epidermal
Growth Factor (EGF), Hepatocyte Growth Factor (HGF), Basic Fibroblast Growth Factor (bFGF), and
Insulin-like Growth Factor-1 (IGF-1), and cytokines, which mediate cell proliferation, differentiation,
migration, and cellular development (Lubkowska, Dolegowska B Fau - Banfi et al. 2012). PRP therapy
has several limitations, including time-dependent cell activity (Roffi, Filardo et al. 2014), rapid loss of
bioactivity (Dhurat and Sukesh 2014), and varying platelet and growth factor composition based on
patient health status, preparation method, and centrifugation protocol (Anitua, Andia et al. 2004).
Fresh PRP preparation involves several steps, increasing the risk of microbial
contamination(Sampson, Gerhardt et al. 2008) and RBC contamination, which can trigger cytokine
release (Everts, Onishi et al. 2020). Unsatisfactory study results, PRP dosing and standardization,
blood manipulation, and sterility are also issues. Additionally, application in clinical settings makes
waiting time for patients and standardization of PRP formulations a challenge (Gangaraju, Mahajan
et al. 2023).

Freeze-dried PRP (FD-PRP) is a dry powdered form that retains essential growth factors(Andia,
Perez-Valle et al. 2020) like VEGF, EGF, TGF-p, and PDGF, similar to fresh PRP (Nakatani, Agata et
al. 2017, Shiga, Kubota et al. 2017, McClain and McCarrel 2019). In vitro studies have confirmed FD-
PRP’s growth factors profile and biological activation, supporting cell proliferation, migration, and
angiogenesis (Huber, Montalvao et al. 2016, McClain and McCarrel 2019, Verma, Kumar et al. 2023).
In vivo studies have shown that FD-PRP effectively promotes tissue regeneration in animal models,
showing comparable or superior efficacy to fresh PRP in wound healing, bone regeneration, and
tendon repair(Huber, Montalvao et al. 2016, Huber, Junior et al. 2019, Koga, Nakatani et al. 2021,
Saputro, Rizaliyana et al. 2022, Morimoto, Morio et al. 2025). Lyophilisation and freeze-drying
preserve platelet functionality and cytokine concentration, allowing for tailored cytokine release
kinetics (Andia, Perez-Valle et al. 2020). The advantages of FD-PRP include bioactivity preservation,
standardized platelet and growth factor levels, ease of handling, quick reconstitution, stability, off-
the-shelf availability, avoidance of inter-donor variability, no need for venipuncture, higher
concentration of growth factors, and reduced cost and manpower (Andia, Perez-Valle et al. 2020).
However, there are currently no commercially available freeze-dried PRP products for human clinical
use, except PrecisePRP™ (VetStem, Inc.), which is intended for veterinary purposes. This study
presents a novel method that improves platelet recovery and extends their biological activity,
overcoming previous challenges in FD-PRP research, including low platelet recovery during
reconstitution, an incomplete growth factor spectrum, and limited human trials.

To test this hypothesis, we evaluated the approach using a wound healing model and conducted
a pilot study in a limited clinical setting. The wound healing process involves four phases:
hemostasis, inflammation, proliferation, and tissue remodelling, each requiring the coordinated
action of cytokines and growth factors(Guo and Dipietro 2010) (Figure 1). Chronic wounds are
impaired due to factors like age, stress, and underlying conditions, highlighting the need for effective
translational therapies (Guo and Dipietro 2010, Frykberg and Banks 2015, Wilkinson and Hardman
2020, Bogadi, Uddin et al. 2025). Future research will expand to chronic wound scenarios and
translate these findings into effective regenerative therapies.
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Figure 1. | Schematic representation of the benefits of freeze-dried platelet-rich plasma (FD-PRP) in wound
healing. FD-PRP releases growth factors (PDGF, TGF-f3, VEGF, EGF, IGF) that promote angiogenesis, fibroblast
proliferation, collagen synthesis, and tissue regeneration, thereby accelerating wound closure.

Materials and Methods

Whole Blood Collection

Peripheral blood was collected from four healthy adult donors (aged 25-35 years) with a normal
body mass index (BMI), platelet counts within the reference range, and no history of smoking, chronic
disease, or haematological disorders. A total of 60 ml of venous blood per donor was drawn into
sterile tubes containing the anticoagulant acid citrate dextrose (ACD) to ensure consistency in PRP
quality and growth factor levels for downstream analyses. All donors provided written informed
consent in accordance with the guidelines of the Ethics Committee of HB Specialty Hospital and
Research Institute, Rudrapur, India.

PRP Preparation

PRP was prepared using a standardized two-step centrifugation protocol (Bansal, Leon et al.
2021). Whole blood (60 ml) was centrifuged to separate the plasma from the red blood cells. Platelet-
poor plasma (PPP) was removed, and the lower third of the plasma fraction, which was enriched
with platelets, was collected. Platelet counts were analyzed using microscopy, and the platelet
concentration was standardized to 5 x 10° in 4 ml PRP (Figure 2).
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Figure 2. | Platelet recovery from whole blood and reconstituted FD-PRP. Mean platelet counts in whole blood
(baseline) and platelet-rich plasma (PRP), expressed as x10° mL-'. PRP preparation resulted in a marked
enrichment of platelets relative to baseline, indicating efficient recovery from whole blood (n = 20) (A). Platelet
counts in FD-PRP and reconstituted FD-PRP (n = 20). Statistical analysis was performed using one-way ANOVA
(***P < 0.001) (B). Microscopic images of PRP (i) and FD-PRP (ii) at x40 magnification (C).

Freeze-Dried PRP

Platelet concentrates containing 5 x 10° platelets was aliquoted into lyophilization vials. A
proprietary stabilization system (stabilizers A and B) was added to the final volume of 5 ml before
freezing at —20 °C. Lyophilization was performed using a Delaware freeze-dryer (model Delvac-
LYO1550) under vacuum (0.100 mbar, condenser —50 °C). The vials were sealed under vacuum and
stored at 4 °C. Freeze-dried PRP (FD-PRP) was reconstituted in sterile saline to its original volume
before analysis.

Characterisation of FD-PRP

Platelet Morphology and Count

Platelet morphology and count were assessed using a light microscope and hemocytometer
before and after lyophilization to ensure that the freeze-drying process did not negatively impact
platelet integrity.

Platelet Function

To evaluate platelet function, platelet aggregation was induced with adenosine diphosphate
(ADP, 10 uM) or adrenaline (10 pM) in three tubes: PRP, FD-PRP, and PPP. The absorbance was
measured at 615 nm (Tsujino, Isobe et al. 2019), and the change in light transmission over a 6-9-
minute period was reflected in the aggregation responses (da Silva, Montalvao et al. 2018). The
control samples consisted of PPP. The maximum aggregation (%) was calculated as the peak change
in light transmission relative to the PPP.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Growth factor quantification

Growth factor levels in fresh PRP and FD-PRP were quantified using enzyme-linked
immunosorbent assay (ELISA) kits (Elabscience, USA) according to the manufacturer’s instructions.
Both fresh PRP and FD-PRP were activated with 10% CaCl; at a 1:10 ratio to induce growth factor
release

Storage stability test

The stability of fresh PRP and FD-PRP samples was assessed after storage at 4 °C for 8 weeks.
Stability measurements were performed at 0, 4, and 8 weeks to assess bioactivity retention. Stability
was expressed as a percentage relative to the initial measurement, with 100% at week 0. Stability
trends were plotted and analyzed to determine the effectiveness of the freeze-drying process in
preserving the samples. This study aimed to determine the efficacy of freeze-drying in preserving
samples.

In Vitro Wound Healing Assay

Comparison of wound healing efficacy of fresh PRP and reconstituted FD-PRP in human
mesenchymal stem cells (huMSCs). The cells were cultured in DMEM-Low glucose (Himedia)
supplemented with 10% FBS (Himedia) and 1% antibiotic-antimycotic (Himedia). The scratch assay
involved seeding cells in 12-well plates, creating a scratch, washing with PBS, and treatment with
fresh PRP and reconstituted FD-PRP. Wound closure was monitored at 0, 12, and 24 h, and the rate
of healing was analyzed using image analysis software (Jonkman, Cathcart et al. 2014).

In Vivo Wound Healing Assay

Since the results of the in vitro study were satisfactory, a proof-of-concept study was conducted
on three patients to augment wound healing. The study was conducted on patients with a severe case
of a wound (n=10). The wounds were approximately 16.6, 15.4, and 13.7 cm in three patients each and
were divided into treated and standard care regions. The treatments were applied topically every 3rd
day to the wounds and covered with sterile gauze after application. Wound size was measured at
specified time points (days 0, 3, 6, 9, and 12) (Horgos, Pop et al. 2023).

Results

Platelet Enrichment and Integrity in FD-PRP

Platelets were markedly enriched in PRP relative to whole blood, with fresh PRP reaching the
highest platelet count of 2.65 x 10° platelets/mL (Table 1), corresponding to a maximum enrichment
efficiency of 89% across 20 samples (Figure 2A). To standardize the platelet content, 5 x 10° platelets
were aspirated from each sample and adjusted with platelet-poor plasma to a uniform concentration
of 5 x 10? platelets/mL before freeze-drying.

Reconstituted freeze-dried PRP (FD-PRP) retained a well-preserved platelet morphology (Figure
2 C), as confirmed by light microscopy. The recovery efficiency was high, ranging from 82% to 84%,
yielding a mean platelet concentration of 1.02 x 10° platelets/mL (Table 1), indicating an average 18%
loss during processing. These findings demonstrate that FD-PRP achieves robust platelet enrichment
while maintaining structural integrity after reconstitution (Figure 2 B).

Platelet Aggregation Test

PRP showed the highest ADP-induced aggregation (80%), followed by FD-PRP (78%) (Figure
3A and B). The same trend was observed with adrenaline-induced aggregation at 75% and FD-PRP
at 72%. Control samples showed minimal aggregation, indicating that although there is a slight
decrease in platelet aggregation capacity after freeze-drying, the overall functionality remains largely
preserved in PRP preparations. (Table 2)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Growth Factor Concentrations in FD-PRP vs. Fresh PRP

Quantitative analysis of growth factor concentrations revealed that FD-PRP either maintained
or enhanced multiple bioactive components compared to fresh PRP (Figure 4a—f; Table 3). PDGF-
AB/BB levels were slightly but significantly higher in FD-PRP (~102 ng ml™") than in fresh PRP (~89
ng ml; P < 0.05); (Figure 4a). A similar pattern was observed for TGF-f1, with FD-PRP showing
substantially elevated concentrations (~225 ng ml™) compared to fresh PRP (~145 ng ml™; P < 0.05);
(Figure 4b). In contrast, VEGF levels were not significantly different between the groups (FD-PRP
~1.9 ng ml; fresh PRP ~1.5 ng ml™; P=ns); (Figure 4c), indicating comparable preservation of this
angiogenic factor. More pronounced differences were noted for EGF and IGF-1. FD-PRP contained
markedly higher EGF concentrations (~2.6 ng ml?) than fresh PRP (~0.7 ng ml-;P< 0.001); (Figure
4d). Similarly, IGF-1 levels were significantly elevated in FD-PRP (~660 ng ml") compared to fresh
PRP (~220 ng ml%; P < 0.001); (Figure 4f). Basic FGF (bFGF) was also significantly increased in FD-
PRP (~1.05 ng ml versus ~0.70 ng ml" in fresh PRP; P < 0.05); (Figure 4e). Collectively, these findings
demonstrate that freeze-drying does not reduce growth factor content and, for several key mediators
(TGF-p1, EGF, IGF-1, PDGF-AB/BB, and bFGF), is associated with significantly higher measurable
concentrations compared to fresh PRP, while maintaining comparable VEGEF levels.

Storage Stability of FD-PRP

To evaluate the long-term stability of FD-PRP, both platelet counts and growth factor
concentrations were monitored over 26 weeks. Platelet quantification revealed sustained
preservation over time. At baseline (Week 0), FD-PRP contained 1.02 x 10° platelets per ml (100%).
Counts remained largely stable at Week 4 (0.99 x 10° ml™; 97.05%) and Week 8 (0.97 x 10° ml™; 95.09%),
with only a modest decline observed at Week 26 (0.91 x 10° ml; 89.17%) (Table 4) (Figure 5A). These
findings indicate high structural stability of platelets within the lyophilized preparation over
extended storage. Consistent with platelet counts, the long-term stability of growth factors in FD-PRP
was assessed by quantifying growth factor concentrations at baseline (Week 0), Week 4, and Week 26
(Table 5) (Figure 5B i—vi). Overall, most growth factors demonstrated gradual, declines over time,
with differential preservation profiles. PDGF-AB/BB levels decreased modestly from 103 ng ml™ at
baseline to 98.7 ng ml at Week 4 and 88 ng ml™ at Week 26, corresponding to 95.8% and 85.4%
stability, respectively (Figure 5B iii). The reduction was not significant at Week 4 but became
significant by Week 26. Similarly, TGF-31 showed high stability, declining from 270.7 ng ml™ to 264
ng ml at Week 4 (97.5% retention; not significant) and to 243.2 ng ml at Week 26 (89.8% retention;
P < 0.01) (Figure 5B iv). IGF-1 exhibited the greatest stability among the measured factors.
Concentrations remained largely unchanged at Week 4 (664 to 656 ng ml; 98.8% retention; ns) and
showed only a modest reduction by Week 26 (621.7 ng ml; 93.7% retention; P < 0.05) (Figure 5B ii).
In contrast, angiogenic factors displayed more pronounced declines. VEGF decreased from 1.8 ng
ml™ at baseline to 1.5 ng ml™ at Week 4 (83.3% retention) and 1.1 ng ml™ at Week 26 (61.1% retention;
P <0.001) (Figure 5B v). EGF showed a similar pattern, falling from 2.2 ng ml-! to 1.8 ng ml-! at Week
4 (81.8% retention; P < 0.001) and to 1.2 ng ml at Week 26 (54.5% retention; P < 0.001) (Figure 5B i).
bFGF exhibited the greatest relative decline, decreasing from 0.9 ng ml™! at baseline to 0.7 ng ml™ at
Week 4 (77.8% retention; P < 0.001) and 0.47 ng ml™ at Week 26 (52.2% retention; P < 0.001) (Figure
5B vi). Collectively, these data indicate that FD-PRP preserves key structural and mitogenic growth
factors, particularly IGF-1, TGF-f1, and PDGF-AB/BB, over 26 weeks, whereas VEGF, EGF, and bFGF
exhibit more substantial time-dependent reductions.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Blood cell counts and platelet recovery. Blood cell counts were measured in whole blood samples
(RBC, WBC, and platelets), platelet-rich plasma (PRP) and Freeze-dried PRP (FD-PRP). Platelet recovery (%) was
calculated as the proportion of platelets enriched in the PRP relative to the baseline. Values are presented as
mean * standard deviation (s.d.) and range (minimum-maximum). Units are expressed per milliliter (mL) of

blood or plasma (n=20 donors).

Parameter Mean + SD Range P-value
WBC (x10°/L) 6.15+0.18 5.8-6.5
RBC (x10'%/L) 470+0.10 4.5-49
Hemoglobin (g/dL) 14.16 +0.17 13.8-14.5
Hematocrit (%) 42.0+1.0 40-44
Baseline platelet count
0.26 +0.02 0.22-0.29
(x10%/mL)
PRP  platelet  count
2.69 +0.22 2.31-3.12
(x10%/mL)
P value platelet baseline count vs PRP P <0.001
PRP recovery (%) 86.48 +2.62 78.85-89.88
FD-PRP platelet count
1.016 + 0.005 1.009-1.026
(x10°/mL)
Reconstituted =~ FD-PRP
0.827 £ 0.027 0.770-0.869
(x10%/mL)
P value FD-PRP platelet count vs Reconstituted FD-PRP P <0.001
FD-PRP recovery (%) 81.40 +2.81 75.93-86.11

Table 2. Platelet aggregation responses to agonists in fresh PRP, FD-PRP and PPP. Platelet aggregation
induced by adenosine diphosphate (ADP) and adrenaline was assessed in fresh platelet-rich plasma (PRP),
freeze-dried platelet-rich plasma (FD-PRP) after reconstitution, and platelet-poor plasma (PPP). Aggregation is

expressed as percentage maximal light transmission, with PPP serving as the negative control.

ADP Adrenaline
Time (min) FD-PRP PRP PPP FD-PRP PRP PPP
0 0.0 0.0 0.0 0.0 0.0 0.0
1 18.0 20.0 2.0 15.0 18.0 1.0
3 45.0 48.0 5.0 28.0 30.0 4.0
6 80.0 70.0 9.0 68.0 70.0 6.0
9 80.0 79.0 10.0 74.0 76.0 8.0

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Growth factor concentrations in FD-PRP and fresh PRP. The growth factor concentrations in freeze-
dried PRP (FD-PRP) and fresh PRP were measured in four independent donors (D1-D4). Values are presented
as mean + standard deviation (SD) with the observed range. Fold change represents the ratio of the mean FD-

PRP to the mean fresh PRP.

Growth factor | FD-PRP Range (FD- | Fresh PRP | Range (Fresh | Fold (FD-PRP
(ng/mL) Mean + SD PRP) Mean + SD PRP) / Fresh PRP)
PDGF AB/BB | 103 +9.5 92-115 90 +10.8 78-102 1.14

TGE-p1 270.7 +171 143-546 125.5 + 53.7 70-180 2.16

VEGF 1.8+0.36 1.4-2.2 1.5+0.33 1.1-1.9 1.20

EGF 2.2+0.88 1.4-3.5 1.4+0.87 0.5-2.5 1.57

bFGF 0.9+0.22 0.6-1.1 0.75+0.17 0.5-0.9 1.20

IGF-1 664 + 55 610-720 218.7+77 146-322 3.04

Table 4. Storage stability of platelet concentration in freeze-dried platelet-rich plasma (FD-PRP). Platelet
concentration was measured at baseline (week 0) and after 4, 8, and 26 weeks of storage. Values are expressed

as mean platelet concentration (x10°/mL). Stability (%) was calculated relative to baseline values, which were set

at 100%.
Duration (weeks) FD-PRP
Platelets per ml mean %
0 1.02 billion 100
4 0.99 billion 97.05
8 0.97 billion 95.09
26 0.91 billion 89.17

Table 5. Stability of growth factor concentrations in FD-PRP over 26 weeks. The concentrations of the growth
factors PDGF AB/BB, TGF-31, VEGF, EGF, bFGF, and IGF-1 in FD-PRP were measured at baseline (week 0),
week 4, and week 26 in independent samples (n=4). Values are reported as mean concentrations (ng/mL).
Stability (%) at each time point was calculated relative to the baseline mean using the formula: stability %= (mean

at given time point/baseline) x 100.

Growth factor Week 0 Week 4 Week 26
(ng/ml)
EGF 2.2348 + 0.0652 | 1.8285 + 0.0533 | 1.1760 + 0.0240
(100%) (81.82%) (52.62%)
IGF-1 674.51 £ 19.66 (100%) | 666.39 +19.43 (98.79%) | 609.27 +12.43 (90.33%)
PDGF-AB/BB 104.63 + 3.05 (100%) 100.26 +2.92 (95.82%) 86.24 +1.76 (82.43%)
TGEF-p1 274.99 + 8.02 (100%) 268.18 +7.82 (97.52%) 238.34 + 4.86 (86.67%)
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VEGF 1.8285 + 0.0533 | 1.5238 + 0.0444 | 1.0780 + 0.0220
(100%) (83.34%) (58.96%)
bFGF 0.9142 + 0.0267 | 0.7111 + 0.0207 | 0.4606 + 0.0094
(100%) (77.78%) (50.38%)

Table 6. Weekly wound healing progression in patients receiving FD-PRP, PRP, or standard care. Wound size
(cm) and healing percentage were recorded weekly for 4 weeks. Values are expressed as mean + standard
deviation, with healing percentages calculated relative to baseline (week 0). FD-PRP-treated wounds exhibited
the fastest reduction in wound area, followed by PRP. In contrast, standard care showed the slowest healing,

indicating the superior efficacy of FD-PRP in promoting wound closure.

Treatment Regime WEEK 0 WEEK 1 WEEK 2 WEEK 3 WEEK 4
FD-PRP

7.7 +0.15 6.6 +0.18 5.8+0.22 5.0+0.25 3.5+0.30
(Wound Size, cm)
FD-PRP (Healing %) 0.0+0.0 14.8+2.2 26.6 3.0 37.5+34 548 +4.1
PRP

6.8 +0.10 6.2+0.15 5.7 +0.20 5.0+0.21 3.4+027
(Wound Size, cm)
PRP (Healing %) 0.0+0.0 11.2+1.9 18.9+2.6 26.7 £3.1 435+3.8
Standard Care

6.8+0.12 6.4+0.18 6.0 +0.23 5.7+0.24 4.8+0.28
(Wound Size, cm)
Standard Care (Healing %) 0.0+0.0 7615 119+£23 | 17427 |30.2+33

In-Vitro Wound Healing Assay

In vitro wound healing assays were conducted to evaluate the impact of FD-PRP on cell
migration. Microscopic images showed a progressive reduction in the wound gap in all PRP-treated
groups compared to that in the FBS group (Figure 6A). Quantitative analysis showed that wound
closure was significantly enhanced in the PRP-treated groups in a time-dependent manner. At 12 h,
fresh PRP, 5% FD-PRP, and 10% FD-PRP promoted markedly greater closure than FBS, with 10% FD-
PRP showing the most pronounced effect (~85%). At 24 h, wound closure reached ~70% in FBS, ~85%
in fresh PRP, 5% in FD-PRP, and nearly 100% in 10% FD-PRP. These findings indicate that FD-PRP
retains comparable activity to fresh PRP, with 10% FD-PRP exhibiting superior efficacy in promoting
wound closure (Figure 6B).

In Vivo Wound Healing

During the 4-week follow-up period, macroscopic assessment revealed progressive wound
contraction across all treatment groups (Figure 7A). Representative images illustrate a gradual
reduction in wound area and re-epithelialization in PRP-treated (Figure 74, i, iv, vii), FD-PRP-
treated (Figure 7A, ii, v, viii), and standard care wounds (Figure 74, iii, vi, ix). Notably, wounds
treated with FD-PRP demonstrated earlier granulation tissue formation and more pronounced
surface coverage compared to the other groups. The kinetics and magnitude of wound closure varied
significantly between treatments. FD-PRP induced the most rapid and pronounced response, with
mean wound size decreasing from 7.7 + 0.15 cm at baseline to 3.5 + 0.30 cm at Week 4, corresponding
to 54.8 £ 4.1% closure (Figure 7B, C). In comparison, PRP treatment reduced wound size from 6.8 +
0.10 cm to 3.4 + 0.27 cm (43.5 + 3.8% closure), whereas standard care resulted in a reduction from 6.8
*+0.12 cm to 4.8 + 0.28 cm (30.2 + 3.3% closure) over the same period (Figure 7B,C). Divergence
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between groups became evident from Week 2 onward, with FD-PRP consistently outperforming both
PRP and standard care at subsequent time points (Figure 7B). At Week 4, wound closure in the FD-
PRP group was significantly greater than in PRP-treated and control wounds (**P <0.001; Figure 7C).
Collectively, these data demonstrate that FD-PRP accelerates wound contraction and enhances
overall wound closure relative to both conventional PRP and standard wound management.
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Figure 3. | Platelet aggregation activity. ADP- and adrenaline-induced aggregation of fresh PRP, FD-PRP, and
platelet-poor plasma (PPP). Aggregation (%) is shown as the mean. Minimal loss of aggregation response in FD-
PRP demonstrates functional preservation after lyophilization.
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Figure 4. | Growth factor content of FD-PRP versus fresh PRP. The concentrations of major growth factors
(PDGF-AB/BB, TGEF-p1, VEGF, EGF, bFGF, and IGF-1) were quantified in FD-PRP and fresh PRP across donors.
Bars indicate mean * s.d.; numbers above bars represent fold changes (FD-PRP / Fresh PRP). FD-PRP retained

or enhanced levels of key regenerative factors. Statistical analysis was performed using one-way ANOVA (***P
<0.001).
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Figure 5. | Longitudinal changes in platelet count, percentage recovery and growth factor concentrations
during storage. Platelet count (billion ml; bars, mean + s.d., n = 3 independent measurements per time point)
measured at 0, 4, 8 and 26 weeks of storage (A). Red dashed line indicates percentage platelet recovery relative
to baseline (week 0 set to 100%). Statistical significance was assessed by one-way ANOVA followed by multiple-
comparison testing against week 0. Concentrations of growth factors measured at week 0, week 4 and week 26
(B): i, EGF; ii, IGF-1; iii, PDGF-AB/BB; iv, TGF-p1; v, VEGF; vi, bFGF. Bars represent mean * s.d. (n = 3
independent measurements per time point). Statistical analysis was performed using one-way ANOVA with

post hoc multiple comparisons. Significance is indicated as ns (not significant), *P < 0.05, **P < 0.01, **P < 0.001.

Figure 6. | In vitro wound-healing assay. Representative images of wound closure at 0, 12, and 24 h in cells
treated with FBS, fresh PRP, 5% FD-PRP, or 10% FD-PRP (A). Quantification of wound closure (%) over time
showed accelerated migration in the PRP-treated groups, with the highest effect observed with 10% FD-PRP (B).
(FBS: Fetal Bovine Serum; PRP: Platelet Rich Plasma; FD-PRP: Freeze-dried Platelet Rich Plasma).
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Figure 7. | FD-PRP enhances in vivo wound healing. Representative images of wounds treated with fresh PRP
(i, iv, vii), FD-PRP (ii, v, viii), and standard care (iii, vi, ix) at weeks 0 (i-iii), 2 (iv-vi), and 3 (vii-ix). FD-PRP-
treated wounds exhibited visibly faster closure and improved epithelial coverage compared with fresh PRP and
standard care (A); Quantitative analysis of wound healing over 4 weeks. Healing percentages were calculated
relative to the baseline (week 0) wound size for each patient. Data are presented as mean + standard deviation
(n =10 patients). FD-PRP-treated wounds showed the fastest reduction in wound area (>60%), outperforming
fresh PRP (~50%) and standard care (<40%). Error bars indicate variability between patients, highlighting the

superior efficacy of FD-PRP in promoting wound closure (B).

Discussion

PRP is gaining popularity for treating various medical conditions, especially in MSK (Filardo,
Kon et al. 2011), cosmetics (Redaelli, Romano et al. 2010), gynaecology, infertility (Dawood and Salem
2018), and chronic wounds, but variations in concentration, growth factor levels, and manufacturing
methods can limit its effectiveness (Mishra, Woodall et al. 2009). Consistent techniques and protocols
can improve PRP’s acceptance and effectiveness of PRP. Off-the-shelf PRP products with consistent
platelet counts and standardized growth factor levels can address the challenges of PRP therapy. FD-
PRP offers advantages like longer shelf life, easier storage, and stable growth factor concentrations,
making it practical for medical applications (Braun, Kim et al. 2014). Allogenic FD-PRP can reduce
waiting times and eliminate the need for autologous blood draws.
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FD methodology for (PRP, which shows a moderate reduction in platelet count from whole
blood to the final product. FD-PRP had a platelet recovery rate of 82.05%, which was significantly
higher than that reported in previous studies. For instance, Sobral et al. (2023) reported 53.4% platelet
viability post-lyophilisation, 2023). Pietramaggiori et al. (2006) showed that the use of stabilizers
during freeze-drying enhances platelet viability (Pietramaggiori, Kaipainen et al. 2006). Lyophilized
PRP maintains higher intact platelet counts, indicating that freeze-drying can effectively preserve
platelet integrity(da Silva, Montalvao et al. 2018). The freeze-drying protocol for PRP involves buffer
A with 5% EGTA and 5 mM glucose, adjusted to a pH of 6.8-7.4, and 1% Stabilizer A 1% stabilizer B
for enhanced cryopreservation. In comparison to the protocols by Pietramaggiori G et al.
(Pietramaggiori, Kaipainen et al. 2006) and Pan et al.,(Pan, Yong et al. 2016) our method introduces
EGTA and glucose, known to stabilize platelets and maintain energy metabolism, while Stabiliser A
protects cells and proteins from freeze-induced damage. The inclusion of stabilizer B prevents protein
aggregation and maintains osmotic balance, thereby enhancing the biological efficacy of PRP after
freeze-drying.

This study evaluated platelet function using morphological and aggregation tests, particularly
for freeze-drying preservation methods. Morphology was assessed using light and electron
microscopy, and platelet aggregation tests were performed using ADP and adrenaline. The results
showed intact morphology and minimal aggregation in FD and PPP showed minimal aggregation,
indicating that platelet functionality remains intact post-lyophilization. This comprehensive
evaluation, unlike previous studies, incorporates aggregation analyses, providing a more thorough
assessment of the treatment efficacy, making it a more comprehensive evaluation of FD-PRP.

FD-PRP exhibited higher or comparable levels of key growth factors compared to fresh PRP.
PDGF AB/BB concentrations increased 1.1-fold (Figure 5A), whereas TGF-f1 concentrations were 2.1
times higher in FD-PRP (Figure 5B). This result for PDGF and TGF is consistent with previous studies,
with ranges between 1.5-2.5 and 2-3-fold increases, respectively (Kieb, Sander et al. 2017). VEGF and
EGF also showed significant increases, indicating their potential as stable and potent therapeutic
agents (Figure 5C, D). Post-lyophilization, lyophilized PRP exhibited varying levels of growth factor
preservation. Pietramaggiori et al., found comparable TGF-3 and VEGF levels to fresh PRP
(Pietramaggiori, Kaipainen et al. 2006), while da Silva et al., found slightly higher concentrations of
PDGF-AA and lower VEGF levels in lyophilized PRP (da Silva, Montalvao et al. 2018). The freeze-
drying process can alter platelet integrity, making it more susceptible to rupture during rehydration,
enhancing degranulation, and robust growth factor release (Pan, Yong et al. 2016, Cecerska-Heryc,
Goszka et al. 2022). It also minimizes enzymatic activity in plasma and stabilizes the protein structure
of growth factors, resulting in higher growth factor levels compared to fresh PRP (Ledent, Wasteson
et al. 1995, Wolkers, Walker et al. 2001, Nakajima, Kawase et al. 2012). Optimizing freeze-drying
protocols is crucial for maximizing growth factor retention (Figure 7A-F). Elevated growth factor
levels in FD-PRP can be attributed to optimized conditions, stabilizers, platelet integrity preservation,
and controlled rehydration, ensuring better preservation and concentration of the growth factors.

The results of this study show that PRP preparations are effective in wound healing, with in
vitro results showing improved wound confluency with FD-PRP and fresh PRP compared to FBS.
PRP has been successfully used in treating various wound types, including chronic pressure ulcers
with 26% reduction in 4 weeks(Knox, Hunt et al. 2006) and diabetic foot ulcers, demonstrating
significant reductions in wound size and depth (Sell, Ericksen et al. 2011, Cobos, Aizpuru et al. 2015).
In vivo data have shown that FD PRP significantly stimulates angiogenesis and granulation tissue
formation in a diabetic mouse model, indicating its potential for effective wound healing (Nakajima,
Kawase et al. 2012). In a rabbit model, PRP-treated wounds exhibited smaller areas and increased
vascular density compared to controls, indicating enhanced healing dynamics(Ostvar, Shadvar et al.
2015). In a clinical trial involving patients with deep second-degree burns, the FD PRP group
achieved a wound closure rate of nearly 80% within three weeks, significantly outperforming the
control group (Yeung, Hsieh et al. 2018). Autologous FD-PRP was used in this study, which may offer
distinct advantages in terms of safety and efficacy by reducing the risk of immunogenic reactions and
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ensuring better biocompatibility in certain clinical contexts (Huber, Junior et al. 2019). The in vivo
study aimed to demonstrate the safety of FD-PRP despite its limitations. This serves as a foundation
for further research into its therapeutic potential. Both in vitro and in vivo studies support the
effectiveness of PRP preparations in promoting wound healing, with FD-PRP showing promising
outcomes. The study design may not fully address all potential variables.

PRP’s adaptability of PRP as a regeneration agent could transform treatment regimens across
medical specialties (Lana, Weglein et al. 2014). Its ability to control inflammation, promote
angiogenesis, and synthesize collagen has been recognized (Marx and Garg 2018). PRP therapies have
a good safety profile, with few documented side effects, and autologous PRP reduces infection
transmission and immunological responses (Foster, Puskas et al. 2009). Future research should focus
on innovative delivery strategies, understanding the long-term effects, and optimizing PRP
formulations. Large-scale randomized controlled trials are needed to determine the safety and
effective (Filardo, Di Matteo et al. 2015). FD-PRP’s superior performance in wound healing assays is
due to the preservation and concentration of bioactive components during the freeze-drying process.
These components are essential for wound healing and promote cellular proliferation, migration, and
angiogenesis. FD-PRP offer practical advantages and are a viable alternative to fresh platelet
preparations in therapeutic applications.

Conclusion

The study revealed that FD-PRP offers superior performance and practicality compared to fresh
preparations. These formulations preserve the growth factor concentrations, maintain the platelet
aggregation capabilities, and accelerate wound healing. Freeze-drying also improves storage
stability, ensuring bioactivity over extended periods. These findings suggest that FD-PRP offers a
viable, effective, and practical alternative to fresh preparations, with the potential for widespread
clinical applications that require long-term storage and consistent therapeutic efficacy.
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