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Abstract

Protein adsorption on biomaterials for bone substitution, such as
calcium phosphates (CaP), evokes biological responses and
shapes the interactions of biomaterials with the surrounding bi-
ological environment. Proteins adsorb when CaP materials are
combined with growth factor-rich hemoderivatives prior to im-
plantation to achieve enhanced angiogenesis and stimulate
new bone formation. However, the identification of the
adsorbed proteins and their angiogenic effect on bone homeo-
stasis remain incompletely investigated. In this study, we
analyzed the adsorbed complex protein composition on CaP
surfaces when using the hemoderivatives plasma, platelet lysate in plasma (PL), and washed platelet lysate proteins (wPL). We
detected highly abundant, non-regenerative proteins and anti-angiogenic proteins adsorbed on CaP surfaces after incubation with PL
and wPL by liquid chromatography and mass spectrometry (LC–MS) proteomics. Additionally, we measured a decreased amount of
adsorbed pro-angiogenic growth factors. Tube formation assays with human umbilical endothelial cells demonstrated that the CaP
surfaces only stimulate an angiogenic response when kept in the hemoderivative medium but not after washing with PBS. Our
results highlight the necessity to correlate biomaterial surfaces with complex adsorbed protein compositions to tailor the biomaterial
surface toward an enrichment of pro-angiogenic factors.
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Introduction
Differences in adsorption characteristics of proteins on biomate-
rial surfaces must be considered for the engineering of biomateri-
als to enhance their regenerative potential [1–3]. For bone
substitution, biomaterial engineering has put forth a variety of
synthetic bone substitute materials [4, 5]. Among these, calcium
phosphates (CaP) and other synthetic bone substitute materials
are more frequently used for smaller bone defects [5–7]. CaPs rep-
resent an absorbable and bioactive biomaterial platform with
versatile and promising functionalization approaches to improve
regenerative effects after application [8–11]. However, the appli-
cation of CaPs in larger bone defects has been limited because of
their inherent lack of growth factors [6, 12]. This lack of growth
factors results in the inefficiency of CaPs to stimulate the forma-
tion of new bone [12]. To improve the formation of new bones, a

crucial process is an efficient angiogenesis, the sprouting of new

blood vessels [12, 13].
Previous studies have suggested the use of hemoderivative

materials as growth factor-rich sources. Here, plasma, serum,
platelet-rich plasma (PRP), or platelet lysates (PL) are currently

combined with synthetic bone substitute materials [14, 15]. These

hemoderivative materials are cheap and easily obtainable sources

of growth factors compared with single and isolated growth factors

[6]. However, combining the promising hemoderivative growth fac-

tor sources with bone substitute materials remains a disputable

method with controversial results [6, 14, 15].
To understand these controversial results, we critically con-

sidered the complexity of proteins in hemoderivatives and the

surface-adsorbed proteins that can induce but also inhibit an-

giogenesis. Activated platelets are well-known modulators of
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angiogenesis by the differential release of pro- and anti-
angiogenic factors from platelet a-granules in an agonist-
dependent manner [16–18]. Therefore, resting platelets are an
excellent source of a variety of enriched angiogenic factors [19].
Highly abundant and potent pro-angiogenic growth factors
stored in platelet a-granules include vascular endothelial
growth factor (VEGF), fibroblast growth factor 2 (FGF-2) and
platelet derived growth factor AB (PDGF-AB), which are essen-
tially involved in proliferation and migration of endothelial cells
in early and late stages of vessel branching, respectively [20].
The chemokine platelet factor 4 (PF4, CXCL4), the matricellular
response to injury protein thrombospondin-1 (TSP-1) and endo-
statin, a C-terminal fragment of collagen type XVIII, represent
prominent platelet-derived anti-angiogenic factors, which com-
monly inhibit the ligation of distinct growth factors, e.g. VEGF,
FGF-2, to endothelial cells [21–23]. Presently, the protein adsorp-
tion on ‘modified’ bone substitute materials and the biological
effect remain poorly studied for combining hemoderivatives
with bone substitute materials. Therefore, we revealed the pro-
tein adsorption and its impact on angiogenesis in the case of
CaP surfaces combined with hemoderivatives.

Here, we present for the first time a label-free liquid
chromatography-mass spectrometry (LC–MS) proteomics ap-
proach to analyze the complex composition of the adsorbed pro-
teins on CaP surfaces when incubated in the commonly used
hemoderivatives citrate plasma (cP), platelet lysate with plasma
(PL), and washed PL without plasma components (wPL).
Additionally, we determined the concentrations of selected
growth factors on the CaP surfaces by enzyme-linked immuno-
sorbent assay (ELISA). Finally, we analyzed the angiogenic poten-
tial of preincubated CaP surfaces in tube-formation assays with
human umbilical endothelial cells (HUVECs). We report our find-
ings of highly abundant, non-regenerative proteins and single
anti-angiogenic proteins on CaP surfaces when utilizing PL and
wPL as a hemoderivative source. The adsorbed proteins only led
to a non-angiogenic response when the CaP granules were
washed before application. Further, we demonstrate that the CaP
were only able to stimulate an angiogenic response when kept in
the hemoderivative medium.

Materials and methods
Human citrate plasma
Human citrate plasma (cP) was provided by the Department of
Transfusion Medicine Mainz from healthy donors in accordance
with the Declaration of Helsinki. Citrate plasma was generated
by plasmapheresis. A plasma pool from ten healthy donors was
created, aliquoted and stored at �80�C.

Freeze–thaw preparation for generating
human PL
PL was obtained from human apheresis platelet concentrate by
performing a previously published, standardized freeze-thaw
lysis method [24]. The human platelet apheresis from ten healthy
donors was obtained from the Transfusion Center of the
University Medical Center Mainz in accordance with the
Declaration of Helsinki. The platelet apheresis from all donors
was pooled and aliquoted. The lysis was performed in five freeze–
thaw cycles by freezing for 10–40 min at �80�C and thawing for
7.5 min at 37�C. To remove cellular debris, PL was centrifuged at
1410 g for 40 min at 22�C (5702R, Eppendorf, Germany). The su-
pernatant was collected, aliquoted and stored at �80�C.

Platelet preparation for generating human
washed PL
Human whole blood was obtained from healthy volunteers in ac-

cordance with the Declaration of Helsinki. The study was ap-

proved by the Ethics Committee of the University Medical Center

Mainz (Study No. 837.302.12; 2018-13290_1). The volunteers did

not take any medication for at least 10 days. All donors gave their

informed consent before participating in the study. Venous blood

was collected and anticoagulated with 10.6 mM trisodium citrate.

Platelet isolation and washing were performed as previously pub-

lished [25]. To bind remaining free calcium, a 0.5 M EGTA solution
was added for a final concentration of 2 mM. The blood samples

were centrifuged at 200 g, for 10 min at room temperature (RT;

Allegra X-30R, Beckman Coulter, USA). The supernatant, contain-

ing PRP was diluted with the same volume of CGS buffer (120 mM

NaCl, 12.9 mM Tri-Na–citrate, 30 mM glucose, pH 6.5). Diluted

PRP was centrifuged at 69 g for 10 min at RT to pellet leukocytes.

The supernatant was collected and centrifuged at 400 g for

10 min at RT to pellet the platelets. The supernatant was dis-

carded and the platelet pellet was resuspended in 3 ml CGS

buffer. Following an incubation of 5–10 min at RT, samples were

centrifuged at 400 g for 10 min at RT and the supernatant was dis-

carded. The platelet pellet was resuspended in HEPES buffer

(145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM glucose, 10 mM
HEPES, pH 7.4) and the platelet concentration was adjusted to

2�109 platelets ml�1. Platelets were incubated at 37�C in the wa-

ter bath for 15 min. Platelet samples were frozen in liquid nitro-

gen for shock freeze lysis to obtain wPL and stored at �80�C.

Bone substitute granules
We included six different CaPs in the experiments. Four kinds of

granular, biphasic CaP (TCP/HA), with an intimate molecular

mixture of 20% hydroxyapatite (HA) and 80% tricalcium phos-

phate (TCP), were kindly provided by Dr. Guy Daculsi
(Biomatlante, France). The TCP/HA materials were synthesized

and characterized according to the methods previously described

in literature [26, 27]. The sample TCP/HA-1 was the conventional

MBCPþ from Biomatlante (Biomatlante AMS group, CEmark and

US FDA). The sample TCP/HA-2 was produced according to the

same protocol with a higher sintering temperature to increase

the crystal size and reduce microporosity [28]. The TCP/HA-3

sample was a smaller, rounded granule type with the same

chemical composition and sintering as TCP/HA-1. The TCP/HA-4

sample had the same smaller size and rounded morphology as

TCP/HA-3, but was produced with a higher sintering temperature

as TCP/HA-2 [28].
Two kinds of granular b-TCP were purchased as chronOS

Granules from DePuy Synthes, USA. No further modification was ap-

plied for the experiments. The characterization data for the b-TCP
samples were retrieved from a previous study from Duan et al. [29],

in which the values are linked to the sample ‘chronos’.

Brunauer, Emmett and Teller measurement
The specific surface area (SSA) of the TCP/HA samples was deter-

mined by the Brunauer, Emmett and Teller (BET) method, which

was already described in previous works [26, 28, 30]. The meas-

urements were performed by nitrogen gas adsorption on

Micromeritics 3-FLEX equipment. About 100 mg per sample was
weighed and degassed in vacuum conditions with 10�3 mbar at

150�C for 24 h. Next, the weight of the samples was precisely

measured. The SSA was calculated from the range of relative
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pressure of adsorption–desorption isotherms by 0.05–0.2. The
unit of the SSA, determined by BET is in m2 g�1.

Scanning electron microscopy
The morphology of the CaP materials was characterized by per-
forming scanning electron microscopy (SEM) with a LEO 1530
GEMINI (Zeiss, Germany). The CaP surfaces were imaged in their
native state at 3 kV and 121 V, without utilizing precious metal
sputter coating.

Protein adsorption preparation
Protein adsorption preparation was performed with modifica-
tions as previously described [31]. After thawing, human cP, PL
and wPL were centrifuged at 20 000 g for 30 min at 4�C (5804R,
Eppendorf, Germany) to remove protein aggregates and cellular
debris. To ensure reproducibility, 10 mg of CaPs were used and in-
cubated in either 1 ml cP or PL, or in 100 ll wPL. The samples
were incubated for 1 h at 37�C. To deplete loosely bound or free
protein, the CaPs were washed three times with PBS with centri-
fugation steps of 20 000 g for 10 min at 4�C, discarding the super-
natant and adding 1 ml PBS to the granules. The washed and
adsorbed proteins were desorbed by adding 50–100 ll of desorp-
tion buffer (2% (w/v) SDS, 62.5 mM Tris-HCl) to the CaPs, incubat-
ing the samples at 95�C for 5 min and centrifuging at 20 000 g
for 10 min at 4�C. This protein desorption approach was per-
formed and described in previous studies with different materials
[31–33]. The supernatant was collected and analyzed further by
protein quantification, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), ELISA, and LC–MS.

To utilize CaPs with washed and adsorbed proteins in tube for-
mation assays, 10 mg CaP was added to 5 ml Medium 200 after
the abovementioned protein adsorption preparation for a con-
centration of 2 mg ml�1. For the experiments with unwashed
CaPs, CaPs were added directly to the supplemented medium for
a concentration of 2 mg ml�1. Medium 200 was supplemented
with 100 U ml�1 penicillin, 100 mg ml�1 streptomycin and with or
without simple concentrated (1�) large vessel endothelial supple-
ment (LVES; all Gibco, Germany) after washing steps.

Protein quantification
Protein concentration of cP, PL, wPL and adsorbed protein sam-
ples was quantified with PierceTM 660 nm Protein Assay Reagent
(Thermo Scientific, Germany) according to the manufacturer’s
instructions. For samples containing SDS, such as the desorbed
proteins, Ionic Detergent Compatibility Reagent (Thermo
Scientific, Germany) was added to the assay reagent, before
employing the measurement. Bovine serum albumin (Sigma-
Aldrich, Germany) was used as a standard. Absorption was mea-
sured by an Infinite M1000 plate reader (Tecan, Switzerland) at
660 nm.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis
For cP, PL, wPL and adsorbed protein samples, 2 mg of protein was
adjusted with deionized water to a total volume of 26 ll. To the
diluted samples, 4 ll of NuPAGETM Sample Reducing Agent and
10 ll of NuPAGETM LDS Sample Buffer (both Invitrogen, Germany)
were added and incubated at 70�C for 10 min to denature the pro-
teins. The samples were loaded on a BoltTM 10% Bis-Tris Plus gel
using NuPAGETM MES SDS Running Buffer (both Invitrogen,
Germany) and run for 1 h at 200 V. SeeBlueTM Plus2 Pre-Stained
Standard (Invitrogen, Germany) was used as a molecular weight
marker. The gels were stained with SilverQuestTM Silver Staining

Kit (Invitrogen, Germany) according to the manufacturer’s
instructions and documented with the Scanning system View Pix
1100 (Biostep, Germany).

Enzyme-linked immunosorbent assay
The concentration of human VEGF, human FGF-2 and human
platelet-derived growth factor (PDGF-AB) was measured for cP,
PL, wPL and wPL-adsorbed proteins samples by ELISA. Samples
and reagents were prepared and processed according to the man-
ufacturer’s instructions of the utilized Human VEGF Quantikine
ELISA Kit, Human FGF2 Quantikine ELISA Kit and Human PDGF-
AB Quantikine ELISA Kit (all R&D Systems, Germany). The ab-
sorption was measured by an Infinite M1000 plate reader at
450 nm with a wavelength correction at 570 nm.

In solution digestion
Adsorbed protein samples were processed with PierceTM

Detergent Removal Spin Columns (Thermo Scientific, Germany)
to remove SDS. The procedure was performed according to the
manufacturer’s instructions before digestion. Subsequent protein
digestion was carried out according to published protocols
[32, 34]. For cP, PL, wPL and adsorbed protein samples, 25 lg was
precipitated with ProteoExtract Protein Precipitation Kit
(CalBioChem, Germany), following the manufacturer’s instruc-
tions. Afterwards, Proteins were isolated by centrifugation at
10 000 g for 10 min at RT and washed twice with ProteoExtract
Protein Precipitation Washing Solution. The supernatant was dis-
carded and the pellet left to dry for 5–10 min. Subsequently, the
pellets were resuspended in 0.1% RapiGest SF surfactant (Waters
Corporation, Germany), dissolved in 50 mM ammonium carbon-
ate buffer. Samples were incubated at 80�C for 15 min to solubi-
lize protein. Protein disulfide bonds were reduced by adding
dithiothreitol (Sigma, Germany) solution in a final concentration
of 5 mM. The reaction was performed at 56�C for 45 min. Next,
proteins were alkylated by adding 500 mM iodoacetamide (Sigma,
Germany) solution for a final concentration of 15 mM. The reac-
tion was carried out in the dark for 1 h. Protein digestion was per-
formed with a ratio of 50:1 of protein:trypsin (Promega, Germany)
for 16 h at 37�C. The digestion was stopped by adding 2 ll of hy-
drochloric acid (Sigma, Germany) and incubating for 45 min at
37�C. Lastly, Samples were centrifuged at 13 000 g for 15 min to
remove degradation products and the supernatant was trans-
ferred into new tubes.

Liquid chromatography coupled to mass
spectrometry analysis
The LC–MS measurements were performed with modifications
from previously described methods [31]. Samples were diluted
with LC–MS grade water (Merck, Germany) containing 0.1% for-
mic acid (Sigma, Germany). Samples were spiked with 50 fmol
ll�1 HI3 Ecoli Standard (Waters Corporation, Germany) for abso-
lute protein quantification [35]. The digested peptides were ap-
plied to a nanoACQUITY UPLC system, equipped with a C18
nanoACQUITY trap column (5 lm, 180 lm � 20 mm) and a C18
analytical reversed-phase column (1.7 lm, 75 lm � 150 mm; all
Waters Corporation, Germany). The two mobile phases consisted
of (A) 0.1% (v/v) formic acid in water and 0.1% (v/v) formic acid in
acetonitrile (Biosolve, Germany) and a gradient of 2–37% of mo-
bile phase B over 70 min were used for separation. The samples
were infused with a flow rate of 0.3 ll min�1 and the referent
components Glu-Fibrinopeptide and LE (both Sigma, Germany)
were set to a flow rate of 0.5 ll min�1. The nanoACQUITY UPLC
system was coupled with a Synapt G2-Si mass spectrometer
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(Waters Corporation, Germany). Electrospray ionization (ESI) was
performed with a NanoLockSpray source was in positive mode.
The measurements were conducted in resolution mode and
experiments were carried out with data-independent acquisition
(MSE). Each measurement was performed in technical triplicates.

A mass to charge range of 50–2000 Da, scan time of 1 s,
ramped trap collision energy from 20 to 40 V was set and data
were acquired over 90 min. For data acquisition and processing,
the software MassLynx 4.1 (Waters Corporation) was utilized.

Protein identification
Peptides and proteins were identified with the software
Progenesis QI 2.0 (Nonlinear Dynamics) [31]. Noise reduction
threshold for low energy, elevated energy and peptide intensity
were set to 120, 25, and 750 counts, respectively. A human data
base with reviewed proteins was downloaded from uniport
(SWISS PROT) and modified with the sequence information of Hi3
E. coli standard for absolute quantification. Following parameters
were selected: one missed cleavage, maximum protein mass
600 kDa, fixed carbamidomethyl modification for cysteine and
variable oxidation for methionine. Protein identification require-
ments were restricted to at least two assigned peptides and five
assigned fragments. Peptide identification requirements were
based on three assigned fragments. Identified peptides with a
score parameter below 4 were excluded. Protein amount in fmol
was calculated by TOP3/Hi3 approach [36]. An overview of all
identified proteins is accessible in separate Supplementary
Information.

Human umbilical vein endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) (Gibco,
Germany) were cultured with Medium 200, which was supple-
mented with simple concentrated (1�) LVES, 100 U ml�1 penicil-
lin and 100 mg ml�1 streptomycin. The cells were kept in an
incubator at 37�C, 5% CO2 and 95% relative humidity (CO2

Incubator C200, Labotect, Germany) for cultivation. For cell sub-
culture and harvesting for experiments, cells were briefly
washed with PBS, followed by cell detachment with 0.25%
Trypsin–EDTA (Gibco, Germany) for 5 min at 37�C, 5% CO2 and
95% relative humidity. The cell suspension was transferred
with LVES-supplemented medium and centrifuged at 130 g for
5 min at RT (5810R, Eppendorf, Germany). The supernatant was
discarded and the cell pellet resuspended in LVES-
supplemented medium. Cell viability and cell count were deter-
mined by equally mixing 20 ml of cell suspension and trypan
blue and measuring by an automated cell counter (TC10, Bio-
Rad, Germany).

Tube formation assay
GeltrexTM LDEV-Free Reduced Growth Factor Basement
Membrane Matrix (Gibco, Germany) was thawed on ice at 4�C
overnight. The wells of a l-Slide Angiogenesis (Ibidi, Germany)
were covered with 10 ll of basement membrane matrix and incu-
bated at 37�C, 5% CO2 and 95% relative humidity for 1 h to solid-
ify. HUVECs with a passage number between 2 and 6 were
harvested and centrifuged as described above. The pellet was
resuspended in Medium 200 without LVES to avoid undesired
stimulation. The cell concentration was adjusted to 400 000 cell
ml�1 and mixed with the same volume of supplemented medium
for each test condition, respectively. A cell number of 10 000 cells
per well was seeded. The cells were incubated at 37�C, 5% CO2

and 95% relative humidity and examined for tube formation after
18 h under a CKX41 inverted microscope (Olympus, Germany).

One picture was taken per well by utilizing the software analySIS
getIT (Olympus Soft Imaging Solutions GmbH). Pictures were
evaluated with ImageJ (National Institutes of Health, USA) and
the plugin Angiogenesis Analyzer (Gilles Carpentier) [37], measur-
ing the total segment length.

Data representation
Data were presented as means 6 standard deviation (SD) of the
values. Statistical analysis was performed with GraphPad Prism 7
(GraphPad Software, USA). For a comparison of two data sets, the
unpaired t-test was utilized. For statistical analysis, involving
multiple data sets, one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test or Dunnett’s multiple compari-
son test were performed. All tests were carried out choosing a
P values of <0.05 to be statistically significant.

Results
We investigated lysates of platelet with plasma (PL) and from
washed platelets (wPL) in a divided workflow with two steps
(Fig. 1). Additionally, we included human citrate plasma (cP) was
to compare the PL preparations with plasma and without. These
three hemoderivative protein sources (cP, PL and wPL) were used
to study protein adsorption on CaP surfaces. The hemoderivative
protein sources and adsorbed protein samples were analyzed
qualitatively by SDS-PAGE and by LC–MS for quantitative proteo-
mic data. In addition, the samples were analyzed for selected
pro-angiogenic growth factors by ELISA. Finally, the pro-
angiogenic potential of the samples was evaluated by employing
tube formation assays.

Hemoderivative protein sources
The three hemoderivative protein sources used in this study were
distinct in composition and source material (Fig. 2A). Human cP
was obtained from the blood bank. The first type of human PL
was generated from human platelet apheresis concentrates by a
freeze–thaw preparation of five cycles. The human wPL was gen-
erated from whole blood of single healthy human donors. Here,
the platelets were washed to remove plasma components before
lysis. Both lysates were generated with a similar platelet concen-
tration. However, wPL showed a lower protein concentration
when compared with PL, indicating the depletion of plasma
proteins.

The plasma protein depletion was also demonstrated by SDS-
PAGE, observing a distinct band pattern for wPL compared with
the other two sources (Fig. 2B). To further detail the differences of
the complex protein composition between the hemoderivatives
we performed quantitative LC–MS measurements. LC–MS-identi-
fied proteins of the three sources were assigned to nine different
protein function classes (Fig. 2C). Here, cytoskeletal and
coagulation-related proteins were more pronounced in wPL when
compared with PL and cP and tissue leakage proteins were more
pronounced in wPL when compared with cP. Conversely, a lower
amount of immunoglobulins and serum albumin was detected in
wPL. Minor differences were uncovered for PL in contrast to cP
like a higher percentage amount of tissue leakage proteins, indi-
cating lysed platelets. PL proteins, such as platelet factor 4 and
platelet basic protein were also found within the ten most abun-
dantly detected proteins for wPL, whereas plasma proteins, such
as serum albumin and immunoglobulins were among the most
abundant in cP and PL (Supplementary Fig. S1).

To provide data for pro-angiogenic growth factors, the concen-
tration of VEGF, fibrinogen growth factor 2 (FGF 2) and platelet
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derived growth factor (PDGF-AB) were measured by ELISA
(Fig. 2D–F). Here, both, PL and wPL showed a statistically signifi-
cant higher concentration of all three growth factors when com-
pared with cP. Comparing PL and wPL, the highest concentration
for all three pro-angiogenic growth factors was found in wPL.
However, as wPL was generated from single-donor blood, the con-
centration of all three growth factors showed donor-dependent
differences (Supplementary Fig. S2).

In addition, we performed tube formation assays to study the
pro-angiogenic potential and complement the protein data.
Alongside the tested samples, we included non-supplemented
cell medium as negative control (�) and LVES supplemented me-
dium as positive, tube stimulating, control (þ). Generally, in-
creasing the concentration of all three hemoderivatives,
respectively, increased the tube formation with statistical signifi-
cance (Fig. 3A–C). Yet, a peak in total tube length was observed
for cP at 5%, achieving slightly better results than 10% (Fig. 3A).
Comparing the three hemoderivative sources at the same protein
concentration of 1.1 mg/ml�1 revealed wPL to be the most potent
inducer of tube formation (Fig. 3D and E). The enhanced tube for-
mation by wPL could be observed microscopically and evaluated
by the Angiogenesis Analyzer Plug-In of ImageJ, resulting in a sta-
tistically significant result. Comparable to the donor-dependent
differences in growth factor concentration, the effect of the tube
formation assays differed among the various donor samples
(Supplementary Fig. S3).

Protein adsorption
Protein adsorption influences the interplay between biomaterial
surfaces and their biological environment. In this part, we inves-
tigated the protein adsorption of the three abovementioned and
characterized protein sources on different CaP surfaces.
Additionally, we measured the concentration of the same growth
factors and linked the protein results to the results of the tube
formation assays.

Four different CaP surfaces consisting of 80% TCP and 20% HA
(HA/TCP) with two different granule sizes were selected.

Additionally, we included two different CaP surfaces consisting of
b-TCP with two different sizes, which were commercially pur-
chased as chronOS (DePuy Synthes). The physicochemical char-
acterization revealed differences between the materials (Fig. 4A
and B; Supplementary Fig. S4). The HA/TCP samples showed an
increasing crystal size with a raising sample number. The b-TCP
samples showed the highest crystal size with HA/TCP-4.
Conversely, the SSA decreased within HA/TCP a raising sample
number, and the b-TCP samples showed the smallest SSA with
HA/TCP-4. The microporosity decreased within HA/TCP sample
number. The microporosity of b-TCP was comparable to the
higher microporosity of HA/TCP-1 (Fig. 4A).

To investigate the protein adsorption, we incubated the CaP
materials with the hemoderivatives for 1 h at 37�C and subse-
quently washed them three times before a desorption step. This
protein desorption approach was performed and described in pre-
vious studies with different materials [31–33]. Proteins were
detected for all material variations incubated in all three hemo-
derivative sources. We did not perform and analyze protein
adsorption of wPL on b-TCP-2 due to limited quantities of wPL
and great similarities between b-TCP-1 and b-TCP-2 in the case of
adsorption with cP and PL. Interestingly, the highest concentra-
tion of adsorbed proteins was consistently measured for all mate-
rials after being incubated in wPL when compared with the other
sources (Fig. 4C and D). For cP, we observed similar amounts of
protein regardless of the used CaP surface. On the other hand, we
noticed a decreasing trend of protein amount in the case of PL,
which was following the decreasing SSA for the materials, revers-
ibly the increasing crystal size. This same trend was observed for
wPL in the case of the TCP/HA samples.

The band pattern of the adsorbed proteins, as seen on SDS-
PAGE, differed slightly from their original hemoderivative protein
sources’ pattern. The protein pattern complexity was slightly re-
duced for wPL-related protein adsorption compared with cP and
PL, respectively (Fig. 5A and B; Supplementary Fig. S5A).
Differences were more pronounced when the adsorbed proteins
from wPL were compared with the absorbed proteins from cP and

Figure 1. Principal workflow of protein source and adsorbed protein analysis. PLs were generated from human platelets in plasma and from washed
platelets, respectively. Different bone substitutes were incubated with hemoderivative protein sources for protein adsorption. Incubated bone
substitutes were washed three times with PBS, pH 7.4 to remove loosely bound and free proteins. Afterward, adsorbed proteins were recovered by a
protein desorption step. Protein sources and adsorbed protein samples were analyzed by protein quantification, SDS-PAGE, silver staining and LC–MS.
Tube formation assays were employed to study pro-angiogenic effects of hemoderivative protein sources and bone substitutes with adsorbed proteins.
Protein crystal structures were taken from RCSB protein data bank. Images are not drawn to scale.
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PL. Both cP and PL showed their strongest band at �66 kDa, sug-
gesting the rough molecular weight of serum albumin [38]. The
strongest band for wPL was defined at �42 kDa, suggesting b-ac-
tin [38, 39]. Interestingly, the band pattern was similar across the
different materials when incubated in the same hemoderivative
source. Only slight differences were observed on the gel between
TCP/HA materials and b-TCP.

We employed LC–MS measurements to further characterize the
complex adsorbed protein composition. Using the same protein
functional classes as shown for the hemoderivatives, large differ-
ences in adsorbed proteins were revealed depending on the uti-
lized hemoderivative. After the incubation in cP, the most
abundant protein was serum albumin, followed by immunoglobu-
lins (Supplementary Fig. S5B). Likewise, serum albumin remained
the highest protein in PL, although decreased. The other protein

functional classes in PL, such as coagulation, complement, cyto-
skeleton and immunoglobulins were distributed more evenly
(Fig. 5C). The protein functional class distribution of wPL was quite
distinct compared with cP and PL. Here, cytoskeleton proteins
were found to be the most abundant group with more than 60%
on every CaP surface used, followed by tissue-leakage proteins and
coagulation (Fig. 5D). Generally, the protein composition by protein
functional classes did not differ much between the different CaP
materials within the same adsorbed protein source.

Next, we quantified the three previously described pro-
angiogenic growth factors by ELISA in the adsorbed protein sam-
ples and compared them with the original hemoderivative. The
ELISA experiment was exclusively performed for TCP/HA-4, incu-
bated in wPL. We chose to investigate TCP/HA-4 principally be-
cause of the small size of the granules (Fig. 4A) and therefore its

Figure 2. Human washed PL differs from plasma and PL in protein composition and growth factor concentration. (A) Characteristics of utilized
hemoderivative protein sources. The main composition, source of material, preparation method, protein concentration (mg ml�1 6 SD, n¼ 4–8) and
platelet (PLT) count are listed. Protein sources were analyzed by (B) SDS-PAGE with silver staining and (C) quantitative LC–MS proteomics. The bars
indicate the percentage based on all identified proteins with protein annotation in nine different functional classes. (D–F) Protein sources were
evaluated for pro-angiogenic growth factors. The concentration of VEGF, FGF-2 and PDGF-AB was measured by ELISA (data are shown as mean 6 SD,
n (PDGF-AB, cP) ¼ 2, n (others) ¼ 4). The statistical significance was calculated by ANOVA with Tukey’s multiple comparison test (***P< 0.001,
****P< 0.0001); N/a, data not available.
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suitability for the tube formation assays. We chose wPL as the
hemoderivative for its best performance in the tube formation
assays (Fig. 3D and E). Despite the promisingly high concentration
of VEGF, FGF-2 and PDGF-AB in wPL, a great decrease was mea-
sured after protein adsorption (Fig. 5E–G). The value for VEGF was
measured below the detection limit. FGF-2 was depleted �10-fold
and PDGF-AB �700-fold. Additionally, single non-angiogenic and
anti-angiogenic proteins were found among the 20 most abundant
proteins in both PL and wPL-adsorbed protein samples. In case of
the adsorbed proteins from PL, TSP-1 was found to be present
among the top20 proteins. An anti-angiogenic potential of TSP-1
has been previously reported [40]. The other proteins detected
were mainly non-angiogenic plasma proteins, such as albumin,
immunoglobulin chains, and complement factors (Fig. 6A). For the
adsorption of wPL proteins, the highest abundant proteins were
found to be cytoskeleton proteins or cytoskeleton-associated pro-
teins. Among these proteins were cytoplasmatic actin, myosin-
family proteins, tubulin and gelosin, an actin-binding protein.
Platelet prominent proteins detected were platelet basic protein, a
precursor of the pro-angiogenic chemokines connective tissue-
activating peptide III (CTAP-3) and neutrophil-activating peptide-2
(NAP-2), TSP-1 and PF4, a chemokine involved in anti-angiogenic
signaling (Fig. 6B) [41, 42]. In comparison, the most abundantly
adsorbed proteins after incubation in cP were serum albumin and
several immunoglobulin chains, apolipoproteins and other promi-
nent plasma proteins (Supplementary Fig. S5C). Here, the compo-
sition of the abundant proteins was found to be highly influenced
by the presence of plasma proteins. In summary, non-angiogenic
cytoskeleton proteins and anti-angiogenic platelet proteins
adsorbed on the CaP surfaces and the inclusion of plasma drasti-
cally changes the adsorbed proteins.

Subsequently, the selected CaP material, TCP/HA-4 was tested
without and with preincubation in wPL in tube formation assays
to investigate the effects on the angiogenic performance of
HUVECs. While wPL potently induced tube formation, no angio-
genic effect was observed when preincubated with TCP/HA and
then washed with PBS. In this case, we obtained the same nega-
tive result for non-treated CaP materials and wPL preincubated
CaP materials (Fig. 7).

Additional tube formation assays were performed with TCP/
HA-4 in the presence of the three respective hemoderivatives, but
without removing the hemoderivatives and washing with PBS
after adding TCP/HA-4 to the hemoderivatives. For the three
hemoderivatives, concentration-dependent effects on the tube
formation were observed, similar to the experiments without CaP
surfaces. However, CaP surfaces incubated in both, CP and wPL
seemed to induce less tube formation when incubated in the low-
est dilution, 10% and 1:2, respectively (Fig. 8A–C). Also, similar
protein concentrations of the hemoderivative were tested. Unlike
the results for hemoderivative sources without CaP surfaces, all
three hemoderivatives induced tube formation, but without sta-
tistical difference between the hemoderivative groups (Fig. 8D).
However, the tube formation efficiency tended to be visually
stronger for the conditions with PL and wPL compared with cP.
Here, the HUVECs attached to the CaP surfaces and formed tubes
with the CaP surfaces as central nodes (Fig. 8E).

Discussion
In this study, we investigated comparatively cP (citrate plasma),
PL (lysate of platelets in plasma) and wPL (lysates of washed pla-
telets without plasma) and their effect as sources of pro-

Figure 3. Human wPL induces stronger angiogenic response in tube formation assays. (A–C) The pro-angiogenic effect of hemoderivative protein
sources was analyzed by employing tube formation assays with HUVECs. HUVECs were incubated with different concentrations of citrate plasma (cP),
platelet lysate in plasma (PL) and lysate of washed platelets (wPL) on GeltrexTM LDEV-Free reduced growth factor basement membrane matrix for 18 h.
For cP and PL different percentual dilutions (0.25–10%) in the cell culture medium were tested. For wPL different ratios of wPL in total volume (1:50–1:2)
with cell culture medium were tested. Total tube length was evaluated with ImageJ and the plugin angiogenesis analyzer (�, negative control: medium
without LVES; þ, positive control: medium with LVES; data are shown as mean 6 SD, n¼ 3–8). (D) Tube formation was analyzed with a comparable
protein concentration of 1.1 mg/ml�1 for all three protein sources (data are shown as mean 6 SD, n¼ 6–17). The statistical significance was calculated
by ANOVA with Dunnett’s multiple comparison test (*P< 0.05, **P<0.01, ***P< 0.001, ****P< 0.0001), performing the comparison with the negative
control (A–C) or with wPL (D). (E) HUVECs on GeltrexTM after 18 h incubation with different hemoderivative protein sources at the same concentration,
as seen in (D). The scale bars represent 200 mm.
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angiogenic factors adsorbed on CaP surfaces. Despite the differ-

ence in composition of the three hemoderivative sources, all of

these promoted tube formation of HUVECs, which is in accordance

with other reports [43–45]. However, the concentration of the

prominent growth factors VEGF, FGF-2 and PDGF-AB was higher

in the platelet-derived sources, PL and wPL than in plasma

alone. Depleting plasma components from isolated platelets by

washing resulted in both, an elevated concentration of growth

factors and improved tube formation, indicating the effectiveness

of lysates, such as wPL for regenerative effects. Nevertheless, it

has to be considered that non-pooled wPL show inter-individual

differences in the experiments, which might have an impact on

the use of autologous donor materials to promote regenerative

effects.

Figure 4. CaP Material characterization, SEM images and protein adsorption. (A) The physicochemical characterization of utilized CaP materials. The
composition, size of the granules, crystal size, SSA, microporosity and the manufacturing processes are listed. Crystal size, SSA and microporosity for
b-TCP materials were retrieved from previously published measurements [29]. (B) SEM images of granular CaP surfaces. The scale bars represent 10 mm.
(C) Quantification of adsorbed proteins on CaPs, shown as a bar diagram. CaPs were incubated for 1 h in cP, PL and wPL, respectively. Protein adsorption
of wPL on b-TCP 2 was not performed and analyzed due to limited quantities of wPL and strong similarities between b-TCP 1 and b-TCP 2 for cP and PL.
Subsequently, three wash steps were performed and proteins were desorbed with 2% SDS. Proteins were quantified by Pierce 660 nm Assay (data are
shown as mean 6 SD, n¼ 2–7). (D) Quantification of adsorbed proteins on CaPs, shown as a table, as seen in (C) (data are shown as mean 6 SD, n¼ 2–7).
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Using the same workflow, including mass spectrometry-based
proteomic analysis, we investigated the complex protein compo-
sition of the hemoderivatives adsorbed on different CaP materi-
als, which revealed significant differences. Despite differences in
the physicochemical properties of the CaP surfaces, we quanti-
fied comparable amounts of protein per amount of CaP in the

case of cP and wPL but observed a decrease in protein amount
with a decrease of the material’s SSA for adsorbed PL and wPL.
For the latter protein source, the trend was observed for the TCP/
HA samples. The impact of the SSA on protein adsorption was de-
scribed in the literature [29, 46]. In any case, the protein adsorp-
tion on biomaterials represents a highly complex process that is

Figure 5. Cytoskeletal proteins from human washed PL are enriched on CaP surfaces while pro-angiogenic growth factors are depleted. CaP surfaces
were incubated for 1 h in the hemoderivative protein source. After three subsequent washing steps, proteins were desorbed with 2% SDS. (A, B) SDS-
PAGE and silver staining were performed for adsorbed proteins on different CaP surfaces incubated in PL and wPL, respectively. Protein adsorption of
wPL on b-TCP 2 was not performed and analyzed due to limited quantities of wPL and strong similarities between b-TCP 1 and b-TCP 2 for cP and PL.
(C, D) Adsorbed proteins on CaP surfaces from PL and wPL, respectively, were analyzed by quantitative LC–MS proteomics and identified proteins were
classified into nine different protein functional classes. The bars indicate the percentage based on all identified proteins. (F–G) Adsorbed proteins on the
CaP surface of TCP/HA-4, incubated in wPL, were evaluated for angiogenesis-involved growth factors and compared with wPL. The concentration of
VEGF, FGF-2 and PDGF-AB was measured by ELISA (b.d.l. ¼ below detection limit; data are shown as mean 6 SD, n¼ 4). The statistical significance was
calculated by an unpaired t test (****P< 0.0001).
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driven by multiple factors and, therefore, challenging to predict.
As described through experimental observations, adsorption on
CaPs is influenced on one hand by the material’s physicochemi-
cal properties such as the surface area, the chemical composi-
tion, hydrophobicity and the topography. On the other hand, the
proteins’ properties, such as size, charge and structure add a sec-
ondary dimension of influence [2, 47]. Complex protein mixtures
as the herein described hemoderivative protein sources can
therefore bring a variation to the adsorption result. Despite hav-
ing a lower SSA, b-TCP-1 adsorbed more protein from wPL than
the TCP/HA samples with a higher SSA. Seemingly, the higher mi-
croporosity and the chemical composition influence this result.
For the cP-related adsorption, it is necessary to point out that
plasma proteins are vastly different from lysate-derived proteins.
While both lysates contain a significant amount of cellular com-
ponents, such as membrane proteins, lipids and metabolites,
plasma is comprised mainly of secreted and globular proteins.
This difference in composition results in similar protein amounts

adsorbed throughout all CaP samples despite their physicochemi-
cal features. Similar observations were made in a study when in-
cubating various CaP in serum [48]. Accordingly, the
biomaterial’s physicochemical properties must be considered to-
gether with the composition of the protein source to evaluate the
performance of protein adsorption.

Increased adsorption of cytoskeleton proteins was observed
when PLs, especially from wPL, were incubated with the CaP
materials. Among the most 20 abundant platelet proteins, non-
regenerative proteins, such as cytoskeleton proteins, and anti-
angiogenic proteins, such as PF4 and TSP-1 were identified. These
proteins are abundantly expressed in human platelets with esti-
mated copy numbers of 563 000 and 101 000 per platelet, respec-
tively [49]. PF4 and TSP-1 inhibit the proliferation and migration
of endothelial cells and induce apoptosis via multiple mecha-
nisms [50, 51]. One major anti-angiogenic effect of PF4 on endo-
thelial cells is its ligation of the important growth factors VEGF
and FGF-2, thereby preventing their endothelial interaction,

Figure 7. Washed CaP surfaces incubated in human washed PL show no pro-angiogenic effect. (A) The pro-angiogenic effect was analyzed by
employing tube formation assays with HUVECs. HUVECs were incubated with untreated CaP surfaces and CaP surfaces, incubated in wPL and washed
three times (all TCP/HA-4). HUVECs were then seeded on GeltrexTM LDEV-Free reduced growth factor basement membrane matrix for 18 h. Total tube
length was evaluated with ImageJ and the plugin angiogenesis analyzer (�, negative control: medium without LVES; þ, positive control: medium with
LVES; data are shown as mean 6 SD, n¼ 4–9). The statistical significance was calculated by ANOVA with Dunnett’s multiple comparison test (*P< 0.05),
performing the comparison with the negative control. (B) HUVECs on GeltrexTM after 18 h incubation with untreated CaP surfaces and CaP surfaces
(seen as dark spots in the images), incubated in wPL and washed three times, as seen in (A). The scale bars represent 200mm.

Figure 6. Non-regenerative and anti-angiogenic proteins are detected among the most abundant proteins on PL incubated CaP. (A, B) The heat maps
show the 20 most abundant proteins for TCP/HA-4 compared with the other CaP surfaces. The values represent the percentage based on all identified
proteins.
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especially through its competitive binding to heparin and heparin
sulfate of proteoglycan receptors [52, 53]. Similar to PF4, TSP-1
also interferes with endothelial cell binding of VEGF. In addition,
TSP-1 signals via CD47, which is coupled to the VEGF receptor R2
to reduce VEGF-mediated activation and which counteracts nitric
oxide signaling in endothelial cells [54, 55]. However, there are
also studies reporting pro-angiogenic effects of TSP-1 via indirect
signaling through myofibroblasts [40, 56]. Furthermore, a recent
study demonstrated a pro-angiogenic potential of TSP-1 for bio-
material surface modification [57]. Future studies must clarify
the role of TSP-1 as a stimulant for pro-angiogenic biomaterial
modification. CXCL7 is the most abundant platelet chemokine
stored in the a-granules. Platelet basic protein represents a pre-
cursor CXCL7 variant of the pro-angiogenic active forms CTAP-III
and NAP-2 [42] with an estimated copy number of 479 000 per
platelet [49]. It has been shown that the proteolytic cleavage
product of platelet basic protein, CTAP-III mediates chemotaxis
of endothelial cells in vitro [58]. However, NAP-2 showed the most
chemotactically regulatory activity on neutrophils [42]. Platelet
basic protein exerts antimicrobial activity, but its effect on endo-
thelial cells is unknown so far [59].

The observed lacking pro-angiogenic response of HUVECs af-
ter incubation with CaP materials adsorbed with proteins from
PLs might be due to a decreased binding affinity of the growth
factors VEGF, FGF-2, PDGF-AB and increased binding affinity of
the anti-angiogenic protein platelet factor 4 for the CaP materials,
which were washed with PBS. Potentially, this washing procedure
in the absence of divalent cations, e.g. Ca2þ and Mg2þ ions, may
affect the types and amount of adsorbed proteins as non-washed

CaP surfaces kept in hemoderivative protein source, still induced
angiogenesis of cultured HUVECs. However, here all three tested
plasma and platelet protein sources showed similar pro-
angiogenic effects compared with the positive control (LVES-sup-
plemented medium). Additionally, we observed an inclusion of
the CaPs in the HUVEC’s tubular structures, demonstrating an in-
teraction between the cells and the CaPs. This adhesion of
HUVECs on CaPs was already described in the literature [60]. It
can be assumed that integrins on HUVECs establish contact with
several adsorbed proteins with integrin-binding domains on the
CaPs, such as fibronectin or vitronectin. This formation of a focal
contact between CaPs and cells through protein contacts was ex-
perimentally explained for marrow stromal cells, osteosarcoma
cells, and bone-marrow-derived mesenchymal stem cells [61, 62].
Upon establishing this cell-CaP contact through integrins, a rear-
rangement of intracellular actin can occur, enabling signaling
cascades involving mitogen-activated protein kinase (MAPK) sig-
naling [63]. MAPK signaling is involved through Jagged/Notch
gene activity in the release of common angiogenic growth factors
in HUVECs, as well as the expression of their associated receptors
[64]. Furthermore, the growth factors in the surrounding hemo-
derivative contribute strongly to tube formation as seen for the
addition of the sole hemoderivatives.

Conversely to our work, a previous study has demonstrated
pro-angiogenic effects after rinsing PL-preincubated CaP scaf-
folds, resulting in the secretion of pro-angiogenic growth factors
by mesenchymal stromal cells [65]. However, the CaP materials
used in this study were washed once in HBSS. Therefore, it is
likely that different coating and washing procedures may

Figure 8. CaP Surfaces kept in different hemoderivative protein source show a similar pro-angiogenic stimulation. (A–C) The pro-angiogenic effect of
CaP surfaces in hemoderivative protein sources was analyzed by employing tube formation assays with HUVECs. HUVECs were incubated with
different concentrations of cP, PL and wPL, containing CaP on GeltrexTM LDEV-Free reduced growth factor basement membrane matrix for 18 h (all
TCP/HA-4). for cP and PL different percentual dilutions (0.25–10%) in the cell culture medium were tested. For wPL different ratios of wPL in total
volume (1:50–1:2) with cell culture medium were tested. Total tube length was evaluated with ImageJ and the plugin angiogenesis analyzer (�, negative
control: medium without LVES; þ, positive control: medium with LVES; data are shown as mean 6 SD, n¼ 3–6). (D) Tube formation was analyzed with
the same protein concentration of 1.1 mg/ml for all three protein sources, containing CaP without additional washing with PBS (all TCP/HA-4, data are
shown as mean 6 SD, n¼ 6–17). The statistical significance was calculated by ANOVA with Dunnett’s multiple comparison test (*P< 0.05, **P< 0.01,
***P< 0.001, ****P< 0.0001), performing the comparison with the negative control (A–C) or with wPL (D). (E) HUVECs on GeltrexTM after 18 h incubation
with different hemoderivative protein sources at the same concentration, containing CaP (seen as dark spots in the images), as shown in (D). The scale
bars represent 200 mm.
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influence the binding properties of platelet-derived proteins to
CaP materials which have to be optimized in future studies.

Thus, a comprehensive analysis of protein adsorption on
hemoderivative-preincubated CaP materials in combination with

their pro-angiogenic potential is crucial for biomaterial surface

engineering using PLs as hemoderivative source.

Conclusion
We state that all three hemoderivatives, as generated for this work,

induced an angiogenic stimulus to HUVECs, with wPL showing the
greatest effect. However, after adsorption on the CaP surfaces, the

most abundant proteins identified by LC–MS were non-angiogenic
or anti-angiogenic. In fact, we observed a reduction of pro-

angiogenic VEGF, FGF-2 and PDGF-AB as measured by ELISA. The
adsorbed proteins on the CaPs alone did not induce tube formation

in HUVECs. Instead, tube formation was induced by keeping the

hemoderivatives in the experiment. Consequently, biomaterial sur-
faces must be engineered to tightly adsorb pro-angiogenic growth

factors and prevent dissipation out of wound cavities after implan-
tation. We conclude that it is essential to analyze the protein

adsorption on surfaces of synthetic bone substitute materials re-

garding pro-angiogenic responses. This correlation between mate-
rial surface and the complex composition of adsorbed proteins

must be considered to modify bone substitute materials with effi-
cient regenerative capabilities. Overcoming the lack of angiogenesis

or regenerative capabilities will lead to a reliable improvement of
bone substitute materials to treat larger bone defects with higher

success. Until then, the pro-angiogenic PL or wPL should not be

washed away during the preparation of bone substitutes with these
complex mixtures of proteins.
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