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Development of a super-hydrophilic anaerobic tube for the optimization
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Abstract Keywords
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Horizontal platelet-rich fibrin (H-PRF) contains a variety of bioactive growth factors and cytokines plasmatrix, platelet rich fibrin

that play a key role in the process of tissue healing and regeneration. The blood collection tubes
used to produce Solid-PRF (plasmatrix (PM) tubes) have previously been shown to have a great  Hjstory

!n.'\pa.ct on the morphology, strength and composition of the f!ngl H.—PRF clot. Therefpre, mod- Received 30 November 2022
ification to PM tubes is an important step toward the future optimization of PRF. To this end, we .

. - o . . . Revised 14 January 2024
innovatively modified the inner wall surface of the PM tubes with plasma and adjusted the gas A ted 5 February 2024
environment inside the PM tubes to prepare super-hydrophilic anaerobic plasmatrix tubes (SHAP ccep Y
tubes). It was made anaerobic for the preparation of H-PRF with the aim of improving mechan-
ical strength and bioactivity. The findings demonstrated that an anaerobic environment stimu-
lated platelet activation within the PRF tubes. After compression, the prepared H-PRF membrane
formed a fibrous cross-linked network with high fracture strength, ideal degradation character-
istics, in addition to a significant increase in size. Thereafter, the H-PRF membranes prepared by
the SHAP tubes significantly promoted collagen synthesis of gingival fibroblast and the miner-
alization of osteoblasts while maintaining excellent biocompatibility, and advantageous anti-
bacterial properties. In conclusion, the newly modified PRF tubes had better platelet activation
properties leading to better mechanical strength, a longer degradation period, and better
regenerative properties in oral cell types including gingival fibroblast and alveolar osteoblasts.
It also improves the success rate of H-PRF preparation in patients with coagulation dysfunction
and expands the clinical application scenario.

Plain Language Summary

Why was the study done?

e Direct anaerobic environment effects on fibrin formation have been insufficiently
studied.

e The effect of hydrophilic change caused by nitrogen plasma treatment on H-PRF
coagulation has not been fully studied.

e Optimal preparation of H-PRF in patients with poor coagulation function was needed
in clinical application.

What is new?

e The coagulation of H-PRF correlated with the level of dissolved oxygen concentrations.
Anaerobic environment significantly accelerates fibrin formation and platelet activation.
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General Hospital, University of Chinese Academy of Sciences, 104
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Nitrogen plasma treatment can remarkably enhance the hydrophilicity of the inner surface
of glass blood collecting tubes, thereby promoting the activation of platelets and the
formation of fibrin network.
The H-PRF prepared in the tubes with anaerobic environment and hydrophilic surface
showed high fracture strength, promoted collagen synthesis of gingival fibroblast and the
mineralization of osteoblasts.

What is the impact?

The work is aimed at developing super-hydrophilic anaerobic plasmatrix tubes (SHAP
tubes) for studying gas environment and hydrophilicity participation in fibrin formation in
H-PRF preparation and investigating the influence of platelet activation in the anaerobic
environment.

This study provides a successful trial to convert the physiological process into biotech-
nological application. The SHAP tubes proposed within this article was an effective
versatile H-PRF preparation device, which provided a promising alternative for tissue
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engineering.

Introduction

Platelet concentrates have been used in regenerative medicine and
dentistry for years by centrifugation of the patients” own blood."
The first-generation was termed platelet-rich plasma (PRP) which
was widely used in various fields of medicine. However, the
preparation process involves the use of anticoagulants which
prevents normal/optimal wound healing and presents potential
risks, making clinical use inconvenient.” As a result, the second-
generation platelet concentrate, termed platelet-rich fibrin (PRF),
was developed to avoid the use of anticoagulants. PRF has also
been named leukocyte-rich platelet fibrin or L-PRF, due to its
incorporation of leukocyte content.*® To solve the problems of
cell damage and uneven distribution caused by fixed-angular
centrifugation during the preparation of PRF, it was demonstrated
that PRF prepared via horizontal centrifugation (called horizontal
PRF, or H-PRF) was shown to lead to up to four times more cell
content when compared to fixed-angle. Furthermore, the pro-
blems of uneven distribution and cell damage in PRF produced
by fixed-angle centrifugation could be entirely avoided using
horizontal centrifugation.”®

H-PRF is a three-dimensional fibrin matrix that has been shown
to favor the regeneration of many tissues in both medicine and
dentistry owing to its slow and gradual release of growth factors
when compared to PRP.>!° It is also considered an extremely safe
and effective biomaterial for tissue regeneration.'"'> Due to its
potential ability to modulate a vascular response, H-PRF can
accelerate wound healing by promoting early angiogenesis and
tissue growth.'? The prepared H-PRF membrane is also considered
to contain certain toughness and tensile strength when compared to
a standard fibrin clot, which has often been used as a surgical
adjuvant in oral and maxillofacial surgery, acting as a tensile
barrier in many clinical situations.'>~1° Furthermore, H-PRF can
significantly improve the mechanical properties of bone substitutes,
facilitate clinical operation, reduce micromovement of bone grafts
during the healing process of the surgical area, and enhance soft/
hard tissue regeneration.'’ >

Nevertheless, there are still many open questions regarding
research using PRF in terms of studies such as the final PRF
membrane mechanical strength and biological activity as a result.
Several studies have suggested that the age of the patient, the time
between the start of the blood draw to the start of centrifugation,
and various centrifugation techniques have an impact on the final
outcomes of the PRF preparation. Correspondingly, PRF derived
from female and elderly patients tends to be of higher quality. In
addition, shorter centrifugation time and lower centrifugation
speed can also improve the quality of PRE.?'™** As a tool that
directly affects the clotting ability of PRF, several studies have

now clearly demonstrated that the blood collection tubes have
a distinct effect on the final production of PRF and the strength
and size of the membranes.”* 2% To date, there are no studies
investigating the effect of the gas environment inside the blood
collection tubes on the PRF outcomes. It has been reported that
anaerobic environment promotes platelet activation and adhesion
by the up-regulation of calpain activity.”‘29 Plasma treatment can
enhance the hydrophilicity and change the nanoscale morphology
of the inner glass surface, which promotes the adhesion and
activation of platelets.’** Therefore, it is reasonable to speculate
that the anaerobic environment combined with plasma treatment
in the blood collection tubes can also accelerate H-PRF formation
and enhance its mechanical and biological properties.

In the process of clinical H-PRF preparation, especially for
patients with poor clotting ability (medication, advanced age,
etc.), H-PRF may not always coagulate immediately after centrifu-
gation. By studying the coagulation process of PRF clots, it was
routinely observed that the flocculent fibers formed at the lower
layers of the PRF clots where the oxygen content is obviously
reduced. As a result, the present study aimed to modify the inner
wall surface of the PRF tubes with plasma to increase hydrophili-
city and create an anaerobic environment inside the blood collec-
tion tubes. These modified tubes were termed “super-hydrophilic
anaerobic plasmatrix tubes” (SHAP tubes). Afterward, we evalu-
ated the size, mechanical properties, biological properties, and
platelet activation of the H-PRF clots prepared by SHAP tubes
and provided data to support the fabrication of a stronger H-PRF
membrane with better mechanical properties and tensile strength.

Materials and methods
Preparation of PRF

Informed consent was collected from 21 healthy volunteers (11
males and 10 females, average age 26 years old) for the collection
of their blood samples. In this study, all procedures were per-
formed according to the ethical standards of the institutional and/
or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical stan-
dards. There was no evidence of any illness among the
participants.l’8 In a single blood collection step, disposable nee-
dles and tubes (Plasmatrident, Weiyin Technology Co., Ltd.,
Wuhan, China) were used to collect whole blood from their
median cubital vein. Volunteers were asked to donate six tubes
of blood, each containing 10 mL. The blood collection tubes were
horizontally centrifuged at 700 RCF for 8 min, and the H-PRF
was collected after centrifugation.
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Oxygen content detection

Sodium citrate does not affect platelet activation but prevents
clotting by chelating calcium ions and interrupting the coagula-
tion cascade, thus forming a liquid state of H-PRF, which helps
the detection of dissolved oxygen and flow cytome,try.35’36 H-PRF
in the liquid state was prepared by adding 1 mL of 109 mmol/L
sodium citrate to the blood collection tube and subsequently
centrifuging the blood. The liquid PRF was divided into upper,
middle and lower layers according to its depth, and the dissolved
oxygen meter AR8210 (Smart Sensor, China) probe was inserted
into the PRF layers of different layers to read the corresponding
dissolved oxygen concentrations.

Preparation of the SHAP tubes

The standard glass tubes were ultrasonically cleaned with ultra-
pure water, 100% ethanol and ultrapure water for 20 minutes
successively and then dried at high temperature for 30 min in
a local 10000-level layer protected tunnel oven while being
sterilized. The cleaned tubes were then treated with plasma. The
power of the plasma treatment was 210 W, the flow was 1.0L/
min, and the time was 5 min, respectively. The treated tubes were
immediately vacuumed and injected with anaerobic gas simulta-
neously. The proportion of anaerobic gas mixture was nitrogen:
hydrogen: carbon dioxide at 8:1:1. The tubes were sealed with
a rubber stopper in a closed chamber at 101.325 kPa standard
atmospheric pressure, 25°C and 50% vacuum at —0.8 kPa, and the
vacuum in the tubes was set at —5.33 Pa by means of a vacuum
pump and solenoid valve adjustment.

Evaluation of the mechanical properties of H-PRF
membranes

A universal testing machine was used to evaluate the mechanical
properties of H-PRF membranes at room temperature and 50%
relative humidity. In order to ensure the rupture occurred near the
middle region of the membrane at maximum stress, the H-PRF
membranes were sheared into dumbbells with a middle part width
of 6 mm. An unstressed H-PRF membrane was fixed to the
universal testing machine’s upper and lower clamps by adjusting
the distance between them. The membranes were measured before
stretching to determine their initial length. Afterward, the H-PRF
membranes were stretched at a constant speed of 2 mm/s, and
strain and tensile stress measurements were taken for each group.
Next, the maximum stress and strain were determined by plotting
the stress-strain curve.

Examination of the stability of H-PRF

H-PRF membranes were prepared and incubated in 5mL of
phosphate-buffered saline (PBS) containing 1% penicillin-
streptomycin (Hyclone, Logan, UT, USA). At each experimental
time point (1, 2, 3, 4, 5, 7, 9, and 13 days), the characteristics of
the H-PRF membranes were observed during this 13-day degra-
dation period.

Scanning electron microscopy (SEM)

The fixation of H-PRF was performed with 2.5% glutaraldehyde
at 4°C overnight. The samples were then washed three times with
PBS and double-distilled water (ddH,0), sequentially dehydrated
with 30%, 50%, 70%, 80%, and 95% ethanol, and then dehydrated
twice with 100% ethanol for five minutes each. Spray coating
with gold particles was then performed followed by critical point
drying. SEM (Zeiss SIGMA, Carl Zeiss AG, UK) was used to
examine the surface and cross-section of each sample.
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Flow cytometry

H-PRF in the liquid state was prepared by pre-filling blood
collection tubes with 1 mL of 109 mmol/L sodium citrate, fol-
lowed by blood sampling and centrifugation. 50 pL of H-PRF was
drawn from each of the upper, middle and lower layers and
incubated with phycoerythrin (PE) anti-human CD41 (1:200,
#303705, BioLegend, California, USA) and platelet activation
marker FITC-labeled anti-human CDG62P antibodies (1:200,
#304903, BioLegend, California, USA) for 45 min at room tem-
perature, and platelets were detected by flow cytometry. The
activation status of platelets was also detected using flow
cytometry.

Inhibition ring test of the H-PRF membranes

We obtained H-PRF by centrifugation at 700 RCF for 8 minutes
in 10 mL glass tubes, then compressed and converted them into
a standardized PRF membrane 1 mm in thickness to evaluate their
antibacterial properties. 500 pL of S. aureus (1 x 10° CFU- mL™")
cultivated on tryptic soy agar (TSA) plates were then added.
S. aureus was directly in contact with the H-PRF membranes on
the TSA plate. A 24-hour incubation period was used for the
samples. Using horizontal (length) and vertical (width) lines
drawn at 90° angles from the midpoints, each PRF membrane
was measured after 24 hours.

Primary human gingival fibroblasts culture

Experiments were conducted according to the principles outlined
in the Declaration of Helsinki. Our study involved the collection
of gingival tissues from healthy volunteers (n =3, aged 18-30
years old) who had undergone the extraction of the third molar
but indicated no clinical signs of any oral or systemic diseases.
The tissues were placed on ice in Dulbecco’s modified eagle’s
medium (DMEM; Gibco, NY, USA) containing 10% fetal bovine
serum (FBS; Gibco, NY, USA) and 1% penicillin-streptomycin.
Hank’s Balanced Salt Solution (HBSS, Hyclone, UT, USA) con-
taining 1% penicillin-streptomycin was used to rinse pooled tis-
sues, which were then removed from epithelium, cut into smaller
pieces, and incubated with 2mM type I collagenase (Sigma-
Aldrich, Steinheim, Germany) at 37°C for 60 min. Cells were
resuspended in DMEM after centrifugation (200 g, 3 min) and
plated on T25 culture flasks (Corning, NY, USA) in
a humidified atmosphere with 5% CO,. Further experiments
were carried out with cells P3-P8.

Human osteoblasts culture and osteogenic induction

Human osteoblasts (hFOB 1.19) were obtained from Shanghai Yu
Bo Biotech Co., Ltd. and incubated under standard cell culture
conditions of 5% CO, at 37°C in DMEM supplemented with 10%
fetal bovine serum and 1% antibiotics (100 U/ml penicillin G,
100 pg/mL streptomycin, HyClone). At 80% confluence, the cul-
ture media was substituted for an osteoblast-inducing medium
containing 550 pg-mL~" ascorbic acid (Sigma-Aldrich, USA),
10nM dexamethasone, and 10 mmol-L™" p-glycerophosphate.
A medium replacement was performed every three days at 37°C
under 5% COs,.

Cell culture model

Transwell chambers (Corning, USA) with 3 pm pore membranes
were selected as cell culture models, according to previous
studies.”” The upper chambers were used to hold H-PRF and
the lower chambers were used to culture cells.
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Cell proliferation determination using the cell counting kit-8
(CCK-8) assay

After 1, 3, and 5days of culture with the corresponding H-PRF
membranes, CCK-8 (Beyotime, China) was used to assess the
proliferation of HGFs and human osteoblasts. Briefly, in 96-well
plates, human osteoblasts and HGFs were seeded at a density of
5% 10% cells per well at 37°C in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin. During the
third and fifth days of the experiment, the culture medium was
replaced by 10 pL of the original CCK-8 solution. Incubation at
37°C for 1h followed by 450 nm absorbance measurement was
performed immediately with a microplate reader (PowerWave
XS2, BioTek, USA).

Collagen type | staining

HGFs were plated in 24-well plates at a density of 50 000 cells
per structure, with the medium being changed every three days.
A seven-day fixation procedure was performed after washing with
PBS and fixing them with 4% formaldehyde at room temperature
(RT) for 10 minutes. Subsequently, cells were incubated with
polyclonal rabbit to collagen type I (1:100, Boster Biological
Technology Ltd., Wuhan, China) diluted in PBS containing 2%
bovine serum albumin (BSA, Roche, Shanghai, China) for 1h,
followed by incubation with FITC-conjugated-goat-anti-rabbit
(1:200, Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) diluted in PBS for 1h. DAPI staining was followed by
three washes in PBS following each step. A fluorescence micro-
scope (Olympus Co., Tokyo, Japan) was used to capture images
of each surface.

ALP staining and Alizarin red S (ARS) staining

Mineralization levels of the extracellular matrix were assessed
in vitro by ALP and ARS staining. Medium containing osteogenic
ingredients were used to culture human osteoblasts in 24-well
plates at a density of 1 X 10° cells/well. Human osteoblasts were
washed three times with PBS and fixed in 4% formaldehyde for
20 minutes during osteogenic differentiation. Staining was per-
formed using an ALP kit (Beyotime, China) according to the
manufacturer’s instructions. Cell fixation was performed with
4% formaldehyde for 20 minutes after 14 days of culture. In the
next step, we washed the cells three times with ddH,O, then
stained the cells for 10 minutes at 37°C with 0.1% ARS staining
solution (pH 4.5). As a final step, the cells were gently rinsed
with ddH,O to terminate the reaction. A microscope was used to
photograph the mineralized nodules that formed after the culture.
After being dissolved in 10% cetylpyridinium chloride for two
hours, the absorbance at 562 nm was detected to determine the
amount of ARS staining.

Assay for ALP activity

Washed with PBS three times after supersonic decomposition, the
cells were then lysed for 30 minutes with 0.1% Triton X-100 at
4°C. It took 15 minutes for the centrifugation to be completed at
14000 g. With the Alkaline Phosphate Assay Kit (Beyotime,
China), alkaline phosphatase activity in the supernatant was deter-
mined according to the manufacturer’s instructions. BCA Protein
Assay Kit was used to measure the protein concentration of each
group, and ALP activity was normalized to the total protein
concentration.

Platelets, 2024; 35(1): 1-12

Statistical analysis

A total of 24 volunteers were enrolled in this study, and each
quantitative experiment consisted of six repetitions from different
volunteers. GraphPad Prism software 7.0 was used to analyze the
data by one-way analysis of variance. Mean results for each pro-
cedure were compared in a pairwise test with a post hoc Bonferroni
adjustment for multiple comparisons and a confidence level of
95%. A Shapiro-Wilk test was used to test the data for normal
distribution. Data was graphed as mean + SD. *p < .05, **p < .01,
and ***p < .001 were considered statistically significant.

Results
Coagulation pattern of H-PRF after centrifugation

By observing the coagulation process, it was observed that the
coagulation process of liquid H-PRF started at the junction of the
plasma and erythrocyte layer, and eventually, the overall coagula-
tion of the entire H-PRF clots occurred (Figure 1A). Noteworthy,
the internal crosslinked fibrin network was first formed on the
lower layer of H-PRF (Figure 1B,C). By stratifying the H-PRF
and examining the dissolved oxygen content in the upper, middle
and lower layers, it was found that the dissolved oxygen content in
the middle and lower layers of the H-PRF was significantly and
markedly lower than that in the upper layer (Figure 1E).

The preparation and characterization of the SHAP tubes

To further investigate whether the oxygen environment would
have an effect on the preparation of H-PRF. We pre-treated PRF
tubes with nitrogen gas plasma, followed by vacuuming to main-
tain a negative pressure environment (Figure 2). Dropping 30 ml
of double distilled water droplets on the inner wall of the blood
collection tube to conduct the contact angle test. The results have
shown that the treated blood collection tube (SHAP tube) exhib-
ited superior hydrophilicity relative to the conventional blood
collection tube (PM tube) (Figure 3A). The droplets remained
intact as droplets in the PM group, but spread out with a larger
surface area in the SHAP group after treatment. The contact angle
measurements also demonstrated the enhanced hydrophilicity
(Figure 3B). Meanwhile, observations using SEM revealed that
the surface morphology of the inner wall of the tube in the SHAP
group changed, forming a large number of uniformly distributed
raised particles with a slightly increased surface roughness
(Figure 3C).

H-PRF membranes prepared by the SHAP tubes show
significant improvements in size and mechanical properties

Comparing the PRF membranes prepared by both tube groups,
the results revealed that the size of the H-PRF clot was signifi-
cantly higher in the SHAP group than that in the PM group. The
surface area of the SHAP membrane was 1.6 times larger than
that in the PM group (Figure 4A-D).

To gain insight into the differences in device performance
between the H-PRF prepared from both tube types, the tensile
properties of the H-PRF membranes were tested. The results have
shown that the fracture strain and fracture stress of the H-PRF
membranes in the SHAP tube group were 1.98 and 1.80 times
higher than those produced in the PM group, respectively
(Figure 4E.,F). The H-PRF in the SHAP group clearly had
a more significant improvement in mechanical strength
(Figure 4G). By observing the surface and cross-sections of the
H-PRF membranes, it was found that the fiber density of the
H-PRF in the SHAP group was also denser as revealed by
SEM. The PM group had a relatively looser fiber structure and
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Figure 1. H-PRF shows the coagulation sequence from the yellow-red junction to the coronal part. (A) Coagulation state of H-PRF with time. (B) Fiber
formation during coagulation of H-PRF. (C) Schematic diagram of coagulation of H-PRF. (D) Layer demarcation of H-PRF. (E) The oxygen content of

H-PRF in different layers. (n =6, ***p < 0.001).
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Figure 2. The production flow chart of SHAP tubes.

the cross-sectional view was more porous (Figure 4H). To further
assess the stability of the fibrous cross-linking within H-PRF, we
performed an in vitro degradation assay. During a 13-day degra-
dation period, it was observed that the H-PRF prepared in the PM
group disintegrated by day 7, whereas the H-PRF clots from the
SHAP group maintained good morphology even by day 9 without
significant differences in morphology between days O and 9
(Figure 4I).

Anaerobic gas injection

Nz: Hz: CO2=8:1:1 ~:

Blood collection

SHAP tubes are more conducive to platelet activation in the
preparation of the H-PRF

As the main component within the H-PRF, platelets play
a crucial role in the activation of coagulation and the clotting
of H-PRF.*® We performed SEM on the internal platelets of both
groups of H-PRF and found that some of the internal platelets in
the SHAP group showed cell rupture/activation, while the
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prepared by PM and SHAP tubes. (B) Comparison of H-PRF membranes prepared by PM and SHAP tubes. (C) Length analysis of H-PRF clots
prepared by PM and SHAP tubes. (D) Area analysis of H-PRF membranes prepared by PM and SHAP tubes. (E) Fracture strain analysis of H-PRF
membranes prepared by PM and SHAP tubes. (F) Fracture stress analysis of H-PRF membranes prepared by PM and SHAP tubes. (G) Stress-strain
curves of H-PRF membranes prepared by PM and SHAP tubes. (H) SEM observation of the microstructure on the surface and cross-section of H-PRF
membranes prepared by PM and SHAP tubes. (I) Degradation of H-PRF membranes prepared by PM and SHAP tubes with time. (n =6, ***p <

0.001).

internal platelet structure of H-PRF in the PM group was rela-
tively intact (Figure 5A,B).

The analysis of platelet activation within both groups of H-PRF
revealed that platelet activation was found to be generally higher in
the SHAP tube group when compared to the PM group.
Particularly, for the uppermost layer closest to the anaerobic envir-
onment in the blood collection tubes, the percentage of platelet

activation within the H-PRF in the SHAP group was approximately
2.66 times higher than that in the PM group (Figure 5C). Even for
the middle and lower layers, the percentage of platelet activation
within the H-PRF was approximately 20% higher in the SHAP
group when compared to the PM group. By flow cytometry, we
found that with the decrease of dissolved oxygen in plasma, the
proportion of platelet activation increased, proving that anaerobic
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Figure 5. SHAP tubes promote platelet activation within H-PRF. (A) The internal platelet morphology of H-PRF prepared by PM tubes was observed
by scanning electron microscope. (B) The internal platelet morphology of H-PRF prepared by SHAP tubes was observed by scanning electron
microscope. (C) Flow cytometry compared the platelet activation in different layers of H-PRF prepared by PM and SHAP tubes (n = 6).

environment can promote platelet activation and subsequently pro-
mote the formation of H-PRF.

H-PRF prepared from SHAP tubes have better biological
effects

Considering the clinical applications of H-PRF, two main focuses
are its antibacterial properties and the ability to promote either
soft or hard tissue formation/regeneration. Therefore, we selected
Staphylococcus aureus, the most common species of graft infec-
tion, as a representative, to explore the antibacterial properties of
H-PRF prepared from either blood collection tube. Thereafter, the
biological roles of gingival fibroblasts and human osteoblasts
were also explored.

The results have shown that the inhibition effect of H-PRF on
S. aureus in the SHAP group was significantly higher than that in
the PM group, and the size of its inhibition ring was 4.55 times
larger than that in the PM group (Figure 6A,B). For the prolifera-
tion of human gingival fibroblasts and human osteoblasts, both
the PM and SHAP groups showed improved cellular effects
(Figure 6C,D). Although it was observed from the data that the
SHAP group had a slightly better proliferation-promoting effect
than the PM group, there was no statistical difference.
Subsequently, we investigated the secretion of collagen fibers by
H-PRF-stimulated human gingival fibroblasts. Fluorescence
staining of type I collagen revealed that the promotion of collagen
formation in gingival fibroblasts by H-PRF was more pronounced
in the SHAP group (Figure 6E,F). The mineralization results on
human osteoblasts have also shown that H-PRF prepared by the
SHAP tubes had the most significant promotion effect on osteo-
genesis (Figure 6G,H). The quantitative data demonstrated that
the SHAP group had 2.32 times more expression of alkaline
phosphatase than the control group and 1.36 times more expres-
sion than the PM group (Figure 6J). Meanwhile, mineralization
nodule staining of human osteoblasts mineralized for 2 weeks
using alizarin red staining showed a remarkable superior miner-
alization effect in the SHAP group (Figure 61-K).

H-PRF prepared by SHAP tubes improved significantly in
patients with coagulation dysfunction

In clinical practice, it was found that blood from patients with
coagulation disorders cannot produce a solid H-PRF after centri-
fugation. To determine whether SHAP tubes could solve this
problem. We screened and enrolled three patients with poor
coagulation (2 males and 1 female, aged 18-30 years old) in the
clinic before dental implant placement. Subsequently, H-PRF was
prepared using PM tubes and SHAP tubes. Ten mins after cen-
trifugation, the results showed that H-PRF in PM tubes failed to
coagulate, while H-PRF in SHAP tubes was clotted (Figure 7A).
Twenty mins later, H-PRF membranes were prepared and tested
for tensile properties. It was found that the H-PRF membranes
prepared in the SHAP group showed significantly improved
mechanical properties (Figure 7B,C).

Discussion

As a new biomaterial in the field of oral regeneration, H-PRF has
been increasingly applied in the fields of antibacterial, promoting
soft tissue healing, improving the performance of bone graft mate-
rials, and accelerating hard tissue regeneration.*®**40  As
a membrane with added mechanical strength, H-PRF membranes
can play a more robust role in the thickening of soft tissue, as an
aid in the repair of maxillary sinus mucosal perforations, and as
a membrane for the closure of extraction sockets.*** Furthermore,
PRF bone blocks prepared using H-PRF and bone grafting materi-
als can stabilize the graft complex, preventing micromotion of the
graft material during healing, and favoring regeneration.'’~'#¢
However, all of the above present a greater challenge to the effec-
tiveness of H-PRF preparation. The ability to fabricate large-scale,
high-mechanical-strength H-PRF membranes is of great clinical
significance for tissue regeneration applications.

In the clinical preparation of H-PRF, for patients with poor
coagulation function, H-PRF sometimes failed to coagulate
immediately and presented a fluid state at the end of the cen-
trifugation procedure. As the resting time was extended, the
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Figure 6. H-PRF prepared by SHAP tubes has better antibacterial, collagen secretion and mineralization promotion effects. (A) Comparison of the
inhibition rings of H-PRF membranes prepared by PM and SHAP tubes. (B) Quantification of the inhibition rings in (A). (C) CCK-8 experiment to
analyze the effect of H-PRF prepared by PM and SHAP tubes on the proliferation of human gingival fibroblasts. (D) CCK-8 experiment to analyze the
effect of H-PRF prepared by PM and SHAP tubes on the proliferation of human osteoblasts; (E) fluorescence staining of the effect of H-PRF prepared
by PM and SHAP tubes on collagen secretion of human gingival fibroblasts. (F) Quantification of fluorescence staining in (E). (G, H). ALP staining of
human osteoblasts after 7 days of mineralization. (I) Alizarin red staining of human osteoblasts after 14 days of mineralization. (J) ALP activity
analysis of human osteoblasts after 7 days of mineralization. (K) Quantification of staining in (I). (n =6, ***p < 0.01 and ***p < 0.001).
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liquid H-PRF would gradually solidify and form the common
solid H-PRF clot in the clinic. This procedure highly increases
the operating time, and such slow-forming H-PRF clots tend to
have poorer mechanical properties. Therefore, we need to
explore the process of H-PRF coagulation and find a better
solution.

Observing the physiological coagulation process of H-PRF,
we first found that the coagulation of liquid H-PRF started at
the junction of the plasmatrix layer and the erythrocyte layer,
and eventually, the overall coagulation of the H-PRF occurred.
As oxygen remained above the liquid level, the dissolved oxygen
content in the middle and lower layers of the H-PRF was
remarkably lower than that in the upper layer. In the current
literature, the role of oxygen in the preparation of coagulation
and plasma mechanisms has not been studied in great detail, nor
has the direct involvement of oxygen in prothrombin activation
been reported. However, it has been shown that platelets
exposed to low oxygen concentration (5% O,) had significantly
higher expression of platelet activation-related proteins com-
pared to platelets exposed to normal oxygen concentration (21%
0,) in mice and human platelets.28 Therefore, during the pre-
paration of H-PRF, creating an anaerobic environment for the
coagulation of PRF inside the blood collection tubes was
hypothesized to potentially promote platelet activation. In the
present study, we innovatively modify the inner wall of the
blood collection tubes with plasma and adjust the gas environ-
ment inside the tubes to prepare the super-hydrophilic anaerobic
plasmatrix tubes (SHAP tubes).

According to the diagram, at the end of centrifugation, ery-
throcytes are pushed to the bottom of PRF tubes, whereas the
H-PRF layer contains a large number of platelets, fibrinogen,
and thrombin.*”** Under the action of thrombin, a fibrinogen
molecule releases four small peptides (two fibrinopeptides
A and two fibrinopeptides B) to form fibrin monomers.**?
Fibrin monomers can spontaneously form fibrin multimers by
hydrogen bonding and form a reticulated fibrin bundle. This
reticulum is capable of capturing a large number of platelets.
The anaerobic environment in the SHAP tubes can significantly
upregulate calpain activity and thus increase platelet reactivity.
The anaerobic environment can also promote the aggregation
and activation of platelets, increase the transmembrane proteins
on the surface of platelets, and promote the release of alpha
particles and dense particles from the activated platelets. They
can release a variety of procoagulant and growth factors, accel-
erate the occurrence of the coagulation process, and promote
cell proliferation and osteogenic differentiation. In addition,

plasma treatment improves the hydrophilicity of the inner tube
wall, results in the emergence of a surface-energy-dependent
catalytic potential, significantly reduces the adsorption competi-
tion between coagulation factor FXII and other plasma proteins,
and enhances the surface contact efficiency of FXII, thus pro-
moting platelet activation.* Subsequently, the activated platelets
in the SHAP group released more FXIII which could catalyze
a covalent cross-linking reaction between fibrin monomers when
activated by thrombin and promoted the formation of fibrin in
H-PRF (Figure 8).777

After platelet activation, in addition to stimulating the
coagulation process, there is a continuous release of growth
factors that promote tissue regeneration in the defect area,
mainly because a-granules contained within platelets stimulate
the release of platelet-derived growth factor (PDGF), trans-
forming growth factor-f (TGF-p), epidermal growth factor
(EGF), vascular endothelial growth factor (VEGF), among
others.”®*°° PDGF mainly promotes the migration and prolif-
eration of precursor cells, TGF-f promotes cell growth and
secretion of extracellular matrix, and VEGF promotes neo-
angiogenesis.®’ The synergistic effect of multiple cytokines
simultaneously was shown to promote collagen secretion
from human gingival fibroblasts and mineralization of
human osteoblasts. In addition, platelets are multifunctional
host defense cells that express a variety of proteins and recep-
tors, including Fc, complement, as well as antimicrobial pep-
tides that help coordinate immune defense against bacteria,
and platelets interact directly with microorganisms to help
remove pathogens from the blood.®*** Furthermore, activated
platelets can bond to leukocytes and stimulate leukocyte
function.®® In the present study, the anaerobic environment
stimulated platelet activation and significantly enhanced the
antibacterial effects on S. aureus.

In general, a new modification scheme for H-PRF preparation
of blood collection tubes was proposed in this study. Unlike
conventional reagent chemical additives, the SHAP tubes ensure
good biosafety of H-PRF, improve the size, tensile properties
and density of H-PRF, and provide better barrier protection
against incoming pathogens. The activated platelets release
more bioactive substances to exert anti-bacterial properties
locally and accelerate soft and hard tissue healing and regenera-
tion, thus providing a new and improved strategy for the repair
and treatment of their defects. Through the application of clin-
ical scenarios, we proved that the SHAP tubes are effective
solutions to the problem of difficult preparation of H-PRF in
patients with poor coagulation.
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Figure 8. The schematic diagram illustrate the mechanism that the SHAP tubes with the anaerobic gas environment and the super-hydrophilic surface
can activate the platelet clotting cascade and thus promote the fibrin network and H-PRF formation.

Conclusion

This study focuses on proposing a new blood collection tube
for H-PRF preparation, which has more optimized hydrophi-
lic and anaerobic interior properties. The activation of plate-
lets induced by hypoxia was able to promote the cross-
linking of fibrin, improve the density of the internal fibrous
network, enhance the fracture strength and maximum strain
of H-PRF, and prolong their degradation time. Further biolo-
gical evaluation has shown that H-PRF prepared by the
SHAP tubes had a better proliferation-promoting effect on
both human gingival fibroblasts and human osteoblasts.
Moreover, its antibacterial properties, pro-collagen formation
ability and promotion of mineralization were significantly
improved suggesting better potential of the SHAP tubes for
clinical applications.
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