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Synergistic interactions of blood-
borne immune cells, fibroblasts and
“extracellular matrix drive repair
e e:inan in vitro peri-implant wound
e healing model
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Low correlations of cell culture data with clinical outcomes pose major medical challenges with costly
consequences. While the majority of biomaterials are tested using in vitro cell monocultures, the
importance of synergistic interactions between different cell types on paracrine signalling has recently

. been highlighted. In this proof-of-concept study, we asked whether the first contact of surfaces with

* whole human blood could steer the tissue healing response. This hypothesis was tested using alkali-

. treatment of rough titanium (Ti) surfaces since they have clinically been shown to improve early
implant integration and stability, yet blood-free in vitro cell cultures poorly correlated with in vivo tissue
healing. We show that alkali-treatment, compared to native Ti surfaces, increased blood clot thickness,

. including platelet adhesion. Strikingly, blood clots with entrapped blood cells in synergistic interactions

 with fibroblasts, but not fibroblasts alone, upregulated the secretion of major factors associated with

fast healing. This includes matrix metalloproteinases (MMPs) to break down extracellular matrix and

. the growth factor VEGF, known for its angiogenic potential. Consequently, in vitro test platforms, which

. consider whole blood-implant interactions, might be superior in predicting wound healing in response

. to biomaterial properties.

. Immediately upon implantation, medical implants get exposed to the patient’s blood, which initiates the first
. phase of wound healing. Wound healing is a well-orchestrated process of an initial haemostasis, followed by an
- inflammation, tissue formation and tissue remodelling phase!. Initial haemostasis is a concerted process of plate-
. letadhesion and activation, coagulation and complement activation. Upon blood contact, plasma proteins adsorb
. onto the implant surface. Beyond blood coagulation, the physicochemical surface properties such as surface
chemistry, wettability and topography of the implant material regulate complement activation and specifically
adhesion and recruitment of leukocytes and platelets to the material surface or within the surface-adhering blood
. clot’>. While blood clots serve the primary and tightly regulated function to stop bleedingS, the possibility that
© the presence of blood clots together with the entrapped blood-borne cells might steer healing responses though
. hasbeen neglected in typical cell-based biomaterial test assays, perhaps explaining the low correlations of in vitro
- cell culture data with clinical outcomes’. Yet, it is well understood that communication between different cell
. types regulates paracrine signalling®’.
During haemostasis platelets adhere and upon activation release a plethora of factors that regulate further
coagulation and platelet activation. This includes pro- and anti-inflammatory factors, as well as chemokines
and growth factors, which recruit other cells to the wound site!*-!2. Inflammatory reactions are regulated by the
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Figure 1. Alkali-treatment of Ti enhances blood clot formation and fibroblast integration into the surface-
adhering blood clot. Scanning electron micrographs show the morphology of surface-adhering blood clots and
of fibroblasts. (a,b) Blood clot morphologies after blood exposure for 2 hours, followed by 24 hours of further
cultivation on (a) native and (b) alkali-treated Ti. Alkali-treatment enhances blood cell adhesion and fibrin
matrix formation compared to native Ti surfaces. (c-h) Morphology of fibroblasts interacting with blood clots
on native or alkali-treated Ti. False-coloured fibroblasts (brown) 2 h after seeding are spreading (c,d) and are
fully spread and interacting with the blood clot 24 h after seeding (e,f). Higher magnification images of fully
spread fibroblasts after 24 h (g,h) show the fibrillar extracellular matrix surrounding fibroblasts. Arrowheads
point to the locations of fibroblast cell perimeters. Alkali-treatment of Ti was observed to increase blood clot
formation and integration of fibroblasts into the blood clot ECM (£;h).
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Figure 2. Alkali-treatment of Ti increases adhesion of blood cells. (a) Schematic drawing depicting the
experimental procedure, timeline and naming of the experimental conditions. (b-g) Immunofluorescent
micrographs of native (b-d) and alkali-treated (e-g) Ti surfaces, either exposed to blood (b,e), blood and
subsequently seeded fibroblasts (c,f) or fibroblasts only (d,g), shown here 24 h after seeding fibroblasts. Samples
were stained for cell nuclei (DAPI, blue), F-actin (green) and platelet integrin aIIb (CD41, red). One field

of view of each condition (using the same magnification) from donor 4 is presented as XY (top) and XZ side
view maximum intensity projections (middle) and as surface rendered 3D representations (bottom). Alkali-
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treatment of Ti was observed to increase platelet and leukocyte adhesion to the surfaces, resulting in formation
of a more homogenous and dense blood clot with increased thickness (as shown in XZ side views) compared to
native Ti. (h,i) Quantification of cellular components on native and alkali-treated Ti exposed to blood (white
bars), blood & fibroblasts (grey bars) or fibroblasts (dark grey bars), 24 h after fibroblast seeding. Total cell
volumes per field of view were quantified using F-actin staining (h). Platelet-specific cell volume contribution
was estimated from CD41, platelet integrin olIb stained volume (i). Reported values in boxplots represent
mean (middle square), median (central line), 25% to 75% percentile (box) and standard deviation (whisker) of

7 fields of view of duplicate Ti surfaces per condition repeated for 5 donors. Statistically significant differences
between conditions are indicated by (*) for p < 0.05, by (**) for p < 0.01 and by (***) for p < 0.001. Significantly
increased amount of cellular components, as well as platelets were found on alkali-treated Ti compared to native
Ti when exposed to blood.

interplay of different immune cells either entrapped in the blood clot or attracted to a wound site, among others,
neutrophils and monocytes, of which the latter can differentiate into macrophages. Neutrophils are present dur-
ing the early wound healing stage, as they later undergo apoptosis and get phagocytosed by macrophages!*-1°.
Phagocytic cells, i.e. neutrophils and macrophages, clean the wound site from cellular debris and pathogenic
material®, and release inflammatory cytokines and growth factors that steer the inflammatory reaction and con-
tribute to the formation of new tissue*'”. The interaction between the implant surface and blood components
such as blood cells and fibrin(ogen) will influence the extent of blood coagulation, fibrin fibre formation and
acute inflammation'8-2!,

During the process of early tissue formation, fibroblasts and osteogenic progenitor cells are attracted to the
wound site?? and invade the blood clot formed on the implant surface in order to degrade the blood clot and syn-
thesize new extracellular matrix (ECM) to restore tissue homeostasis’>. The initial provisional fibrin matrix gets
typically remodelled at the time scale of days®. We hypothesize here that the resulting extensive crosstalk between
regulatory signalling cascades of blood-borne and invading cells together with cell-ECM interactions might dom-
inate the healing response. The lack of such crosstalk in cell monocultures might thus be responsible for the low
correlation between standard cell culture studies and clinical outcomes. This hypothesis is supported by findings
that differences in the architecture and properties of blood clots can indeed affect the behaviour of infiltrating
cells, as shown so far for human osteoblasts in vitro?, and that the extent and overall success of a medical implant
might be directly influenced by the physicochemical properties of the implant surface!”1#24,

To address this hypothesis, we exploited Ti surfaces as model system, since alkali-treatment of rough Ti sur-
faces, which renders the surfaces superhydrophilic, has been shown to positively affect early implant integra-
tion/stability in animal studies®~%*. In human patients with poorly mineralized bone, alkali-treated Ti implants
were successfully loaded 8 weeks post-implantation and 97% of implants were still functional after one year®.
Altogether, these previous findings suggest a stronger osseointegrative potential of alkali-treated Ti implants
compared to native Ti implants. Additionally, alkali-treatment of Ti was shown in vitro to increase coagulation
and platelet activation, as well as thickness and morphological composition of the surface-adhering blood clot
upon blood-material interaction compared to native Ti*!. Primary human bone cells (HBCs) showed an increased
attachment on hydrophilic Ti surfaces presenting a thick blood clot and interaction of HBCs with blood clots
promoted increased expression of osteogenic marker proteins alkaline phosphatase and collagen type I%.

Since fibroblasts are the most abundant cell type that infiltrates into blood clots in early wound healing stages
and initiates the remodelling of the first provisional ECM into granulation tissue, rich in fibronectin (Fn) and
collagen, we tested the hypothesis whether the presence of a blood clot can accelerate remodelling and assem-
bly of the first de novo ECM and thus promote fast healing. In this proof-of-concept study and with a focus on
early events, clinically used dental implant surfaces, namely sandblasted and acid-etched Ti surfaces, native or
alkali-treated, were exposed to human whole blood from healthy patients, to fibroblasts or to a co-culture of
whole blood with subsequently seeded fibroblasts. In a previous study with the same Ti surfaces, blood clot for-
mation was shown to be dominated by the surface chemistry (native vs. alkali-treated) and not by surface rough-
ness, as compared to smooth surfaces®'; hence only rough, sandblasted and acid-etched surfaces were used in the
current study. For all conditions, cell adhesion, ECM deposition and remodelling were analysed. Cellular and
ECM compositions were evaluated by immunofluorescent staining against F-actin, platelet integrin aIIb (CD41),
Fn and fibrin. Further, ECM remodelling and collagen production were assessed by quantifying soluble MMPs
and c-terminal peptide of collagen type I. Pro-inflammatory cytokines TNFa and I1-13 as well as growth factors
TGF-31 and VEGF were measured in supernatants using commercially available ELISAs. We finally assessed
whether this in vitro model that includes the contribution of blood-borne ECM and immune cells might be better
suited as a test platform with improved clinical predictive power.

Results

To mimic most closely a surgical situation where an implant material gets into contact with the patient’s blood,
this study used fresh human whole blood from 8 healthy patients (23-35 years old) within 2 hours after it had
been drawn. Ti surfaces were exposed to blood for 2hours in rotating Teflon chambers under exclusion from air,
so blood coagulation was initiated upon blood-material contact. After washing off non-adhering blood compo-
nents the samples were placed into cell culture medium and then seeded with fibroblasts. Only human serum
from blood type AB, free of blood type specific A and B iso-agglutinins, was employed in the cell culture medium
to eliminate blood type dependent immune responses. The experimental findings of this study are based on
experiments done with blood from healthy donors, not including blood from patients with wound healing dis-
eases, and co-culturing those with primary fibroblasts from allogeneic origin. For experimental reasons, blood
samples were anti-coagulated with heparin at a low concentration, possibly reducing or slowing down coagula-
tion reactions.
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Figure 3. Co-culture of fibroblasts with blood clots enhances fibroblast proliferation. (a) Epi-fluorescence
images of DAPI stained cell nuclei on native Ti surfaces for blood (white bar), blood & fibroblasts (grey bar) and
fibroblasts (dark grey bar) conditions, 24 h after seeding fibroblasts. (b) Number of leukocytes and fibroblasts
per mm? counted from DAPI stained cell nuclei. Nuclei in blood & fibroblast co-culture conditions were
differentiated for leukocyte and fibroblast nuclei according to nuclei size and intensity (leukocytes: smaller and
brighter; fibroblasts: larger and dimmer). Reported values in boxplots represent mean (middle square), median
(central line), 25% to 75 percentile (box) and standard deviation (whisker) of 11 images of 4 replicate surfaces
per condition repeated for 5 blood donors. Statistically significant differences between conditions are indicated
by (*) for p < 0.05. Co-culture of fibroblasts with blood increased fibroblast number compared to fibroblasts
only conditions, which indicates a stimulating effect for fibroblast proliferation through blood clot interaction.

Alkali-treatment of Ti surfaces enhanced blood clotting and the number of adhering blood
cells.  Alkali-treatment of rough Ti surfaces induced the formation of a thicker blood clot, which contained
higher densities of fibrous structures and entrapped blood cells compared to native Ti surfaces (Fig. 1a,b), a find-
ing that is in agreement with previous observations’!. Blood clots are not only composed of a fibrin matrix, but
also include blood-borne cells, such as platelets, leukocytes and erythrocytes that get entrapped into the blood
clot as it forms. As blood cells are major players during the early wound healing by secreting growth factors and
cytokines, the amount of adhering platelets, leukocytes and fibroblasts was characterized for all conditions on
native and alkali-treated Ti surfaces using immunostaining for F-actin, platelet-specific aIlb integrin (CD41) and
nuclear counterstain DAPI (Fig. 2). An overview of the experimental procedure, the timeline and the different
conditions are presented in a schematic (Fig. 2a). Maximum intensity projections of confocal z-stacks of native
(Fig. 2b-d) and alkali-treated Ti surfaces (Fig. 2e—g) show that alkali-treatment, compared to native Ti, increases
the amount of adhering platelets and leukocytes for conditions including blood (Fig. 2b,c,e,f). Furthermore, XZ
side views highlight differences in clot thickness, i.e. native Ti surfaces are covered with single cells or a thin cell
layer, whereas alkali-treated Ti generally shows an increased thickness of the aggregated cell layer (Fig. 2b-g).
Neither co-culture with blood nor alkali-treatment of Ti appears to affect fibroblast morphology after 24 hours,
when fibroblasts are fully spread (Fig. 2¢,d,f,g).

Since alkali-treatment increased blood clot thickness and the number of entrapped blood-borne cells!
(Fig. 2), a quantitative comparison of cell types and cell numbers was performed. Using blood from 5 different
donors, immunofluorescent stains of F-actin (Fig. 2h) and CD41 (platelet specific cell contribution) (Fig. 2i),
were analysed based on volume quantifications. For native and alkali-treated Ti, the amount of F-actin (platelets,
leukocytes and fibroblasts) was significantly higher in co-culture than in conditions of blood (p < 0.0001 (native),
p=0.0004 (alkali-treated)), or fibroblasts alone (p = 0.033 (native), p < 0.0001 (alkali-treated)). Additionally,
significantly higher amounts of F-actin were detected for alkali-treated compared to native Ti for the blood only
conditions (p=0.023) (Fig. 2h). Platelets (CD41 volume) were found in significantly higher amounts for con-
ditions with blood (p = 0.008), as well as with blood & fibroblasts (p = 0.0006) on alkali-treated Ti compared to
native Ti (Fig. 2i).

Enhanced blood clotting promoted fibroblast spreading and integration into blood clots. Two
hours after fibroblast seeding onto blood clots that had formed on both native and alkali-treated Ti, fibroblasts
were in the process of spreading and their protrusions were already entangled with the fibrin matrix of the clot
(Fig. 1c,d, fibroblasts false-coloured in brown). Images for all conditions are shown in Supplementary Fig. S1(2h)
and S2 (24h) after fibroblast seeding. Fibroblast spreading on blood-exposed alkali-treated surfaces appeared to
be guided by blood-borne fibrous matrix structures, such as the dendritic fibroblast morphology, which aligned
with the fibres (Fig. 1d).

After prolonged fibroblast culture (24 hours), spindle-shaped fibroblasts were observed on native and on
alkali-treated Ti (Fig. le-h). Compared to native Ti, alkali-treatment resulted in more fibroblasts to be partly
covered by a densely packed fibrous network (Fig. 1g,h). Thick surface-adhering blood clots, as formed on
alkali-treated Ti surfaces, promoted an enhanced fibroblast integration into the fibrous clot matrix, similar as
observed for human bone cells®.
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Co-culture of fibroblasts with entrapped blood cells enhanced fibroblast proliferation.  To fur-
ther differentiate between adhering cell types, we quantified leukocyte and fibroblast numbers per mm? (Fig. 3).
This quantification included the analysis of multiple fields of view of quadruplicate surfaces for all conditions
repeated with 5 blood donors. Separation of leukocyte and fibroblast nuclei in blood & fibroblasts co-culture
conditions was achieved with a k-Means clustering algorithm, grouping nuclei according to nuclear size and fluo-
rescent intensity, i.e. leukocyte nuclei were found to be small and bright, whereas fibroblast nuclei appeared larger
and with lower intensity. Figure 3a shows representative epi-fluorescence DAPI images of blood, blood & fibro-
blasts and the fibroblast only conditions used for nuclei counting and clustering. Fibroblast numbers were similar
on native and alkali-treated Ti surfaces for identical conditions. Interestingly, an increase in fibroblast number
was observed in blood & fibroblast co-culture conditions compared to fibroblasts only, significant for native Ti
(p=0.019), but due to slightly larger variations, not significant (p = 0.083) for alkali-treated Ti. As no rinsing
or medium exchange was performed, which could otherwise have removed non-adhering fibroblasts, increased
fibroblast numbers as seen here indicate increased proliferation. Alkali-treatment did not appear to affect the
morphology of the adhering fibroblasts, 24 h after seeding in the presence or absence of blood (Supplementary
Fig. S2).

Additionally, large variations in adhering leukocytes on native and alkali-treated Ti surfaces were observed.
Still, a trend to higher numbers of adhering leukocytes on alkali-treated versus native Ti surfaces was found,
mainly for blood only conditions. An explanation could be that in blood & fibroblast co-culture conditions,
enhanced remodelling of the blood clots has resulted in decreased leukocyte numbers in the currently used setup.

Alkali-treatment enhanced ECM deposition, while co-culture of fibroblasts with blood clots
enhanced blood clot matrix remodelling. The stimulating effect of blood on fibroblast proliferation
raises the question whether the presence of blood clots affects ECM amount and composition, and whether
alkali-treatment of Ti contributs to this effect. Therefore, Fn, fibrin and cell nuclei were stained and the amount
of Fn and fibrin was further quantified from confocal images (Fig. 4). Native Ti (Fig. 4a,b) of blood, as well as
of blood & fibroblast co-culture conditions showed mainly separated small regions of Fn-fibrin fibrous network
structures or non-fibrillar adsorbed protein layers compared to alkali-treated Ti surfaces (Fig. 4d,e), which were
covered with dense, interconnected fibrous matrix, positive for highly overlapping fibrin and Fn.

Quantification of Fn (Fig. 4g) and fibrin (Fig. 4h) volumes from confocal images revealed that most Fn and
all fibrin originate from blood clots, whereas independent of surface treatment in fibroblasts only conditions,
small amounts of newly synthesized and assembled Fn matrix were detected. Alkali-treatment of Ti caused a
statistically significant increase in the amount of Fn and fibrin for blood containing conditions (all p < 0.0001). A
decreasing trend of Fn and fibrin volumes (Fig. 4g,h), together with voids in co-culture compared to blood only
conditions (Fig. 5a), suggest that fibroblasts actively degrade, remodel and integrate into dense blood clots. Newly
assembled ECM (positive for Fn and delocalized with fibrin or fibrinogen) was found in the vicinity of fibroblasts
(Fig. 5a, and higher magnification Fig. 5b,c). A quantification of these Fn fibres that did not colocalize with fibrin
(Fig. 5d) showed statistically significant increases between blood only and blood & fibroblast conditions, for both
Ti surface conditions (p < 0.0001 (native), p=0.0031 (alkali-treated)). Alkali-treatment therefore contributes
to the amount of fibrin and Fn deposited on Ti, primarily by increased blood coagulation. Already within 24h,
fibroblasts start to remodel the blood clot and synthesize new Fn matrix.

Co-culture of blood & fibroblasts synergistically increased secreted MMPs and VEGF. To
obtain further support for the fast remodelling potential of fibroblasts, and to assess whether alkali-treatment
had a beneficial effect on ECM production and remodelling, early collagen formation and matrix degrading pro-
teases were investigated. Collagen production was assessed by quantification of the soluble C-terminal peptide
of pro-collagen type I (CICP), which gets cleaved and released into the supernatant during collagen triple helix
assembly. Matrix degrading proteases were detected with a generic MMP-assay. Alkali-treatment of Ti did not
affect CICP levels, which was detected only when fibroblasts were present (Fig. 6a). Although, alkali-treatment
of Ti compared to native Ti did not significantly increase MMP levels (only a trend was visible for blood as well
as blood & fibroblast conditions, Fig. 6b), the co-culture of blood with fibroblasts had a significant impact on the
amount of MMPs secreted, independent of Ti surface treatment (blood vs. blood & fibroblasts p < 0.0001 (native),
p < 0.0001 (alkali-treated); fibroblasts vs. blood & fibroblasts p = 0.0016 (native), p < 0.0001 (alkali-treated))
(Fig. 6b). Furthermore, a set of important inflammatory cytokines and growth factors for wound healing was
analysed by measuring soluble concentrations of cytokines (IL-13 and TNF«) and growth factors (TGF-31 and
VEGE). Assessed cytokines and growth factors were not detected or remained at low concentrations for the
fibroblast only conditions (Fig. 6¢-f), indicating their blood-associated origin. Although alkali-treatment of Ti
showed trends of increasing cytokine levels and of TGF-31 secretion, compared to native Ti for blood only con-
ditions, these trends were diminished in co-culture conditions with fibroblasts (Fig. 6¢c—e). In contrast, VEGF as a
prominent pro-angiogenic growth factor was detected at significantly higher concentrations in blood & fibroblast
co-cultures, at similar high levels for native (p = 0.028 (vs. blood), p = 0.0002 (vs. fibroblasts)) and alkali-treated
Ti (p=0.032 (vs. blood), p=0.0001 (vs. fibroblasts)), suggesting a synergistic interaction between blood and
fibroblasts. These results support the hypothesis that blood clots highly support the regenerative functions of
fibroblasts. Their synergy upregulates the secretion of MMPs and of VEGE

Donor-specific differences and similarities. To assess personalized differences, our experiments have
been performed using blood from 8 different healthy donors (23-35 years old, 4 male and 4 female). The results
showed relatively large standard deviations, which could be attributed to the large donor-to-donor variability
not only for the observed experimental outcomes (see Supplementary Material for donor-specific immunoflu-
orescence images of DAPI, F-actin, CD41 (Supplementary Fig. $3); DAPI, Fn, fibrin (Supplementary Fig. S4)
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Figure 4. Alkali-treatment of Ti enhances ECM deposition, while co-culture of fibroblasts with blood clots
induces ECM remodelling. (a-f) Immunofluorescent micrographs of native (a—c) and alkali-treated (d-f) Ti
either exposed to blood (a,d), blood and subsequent seeded fibroblasts (b,e) or fibroblasts only (c,f), 24 h after
seeding fibroblasts. Samples were immunostained for cell nuclei (DAPI) (blue), fibronectin (Fn) (green) and
fibrin (red). One field of view of each condition (using the same magnification) from donor 4 is presented as XY
(top) and XZ side view maximum intensity projections (middle) and as surface rendered 3D representations
(bottom) at identical magnification. (g,h) Quantification of extracellular matrix components Fn (g) and fibrin
(h) on native or alkali-treated Ti exposed to blood (white bars), blood & fibroblasts (grey bars) or fibroblasts
(dark grey bars) 24 h after fibroblast seeding. Total ECM volumes per field of view were quantified from
confocal micrograph z-stacks. Reported values in boxplots represent mean (middle square), median (central
line), 25" to 75 percentile (box) and standard deviation (whisker) of 7 fields of view of duplicate Ti surfaces per
condition repeated for 5 donors. Statistically significant differences between conditions are indicated by (***)
for p < 0.001. Alkali-treatment of Ti significantly increased surface-adhering Fn and fibrin ECM compared

to native Ti. Fibroblasts were shown to assemble new Fn matrix, either cultured on bare Ti or on blood clots.
Remodelling of blood clots through fibroblasts was observed by trends in reduction of Fn and fibrin compared
to blood only and fibroblasts residing in pits within blood clots. For timeline see Fig. 2a.
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Figure 5. The blood clot matrix is composed of fibrin fibres, which colocalize to fibronectin, whereas newly
assembled matrix is made of fibronectin only. (a) Immunofluorescent micrograph of blood and subsequent
seeded fibroblasts on alkali-treated Ti surface represented as maximum intensity projections of a confocal
z-stack (original 9.8 pm z-thickness) shown separate for fibrin, Fn, nuclei (DAPI) and as merged image.

(b) Higher magnification image of a region of interest specified in (a) (merged image, white rectangle) showing
merged maximum intensity projection of a substack of the original z-stack of 2 um thickness. (¢) Maximum
intensity projection image as in (b) with Fn-Fibrin colocalized voxels depicted in white. (d) Quantification of
Fn fraction delocalized with fibrin, which represents the remaining green voxels depicted in (c). Calculated
fractions are shown as datapoints (left) and boxplots (right) for all conditions. Boxplots represent mean (middle
square), median (central line), 25 to 75 percentile (box) and standard deviation (whisker) of 7 fields of view
of duplicate Ti surfaces per condition repeated for 5 donors. Statistically significant differences between blood
and blood & fibroblasts conditions are indicated by (***) for p < 0.001. Fibroblasts were shown to produce new
Fn ECM and therefore significantly increase Fn fibrils delocalized with fibrin.

and donor-specific quantifications of soluble factors (Supplementary Fig. S5)), but also for the initial screening
parameters of the blood samples (Table 1). In addition, supernatants were pooled from 6 replicate Ti surfaces to
obtain sufficient volume for quantification of soluble factors, and therefore replicate-specific differences were
averaged out. All quantified data were analysed for statistical significant differences using 2-way ANOVA models
with factor condition (native or alkali-treated Ti with either blood only, blood & fibroblasts or fibroblasts only)
and factor donor, to account for donor-specific differences. Significant differences between donors were found
for Fn, fibrin, CD41 and Fn fraction delocalized with fibrin, still showing highly significant differences between
conditions.

Discussion

Since little is known how initial surface-induced blood activation might promote tissue healing around implants,
we asked whether the first contact of surfaces with blood might steer the later tissue response to materials. Our
results support the hypothesis that the presence of a blood clot can indeed direct further wound healing processes
as sketched in Fig. 7: First, the composition and morphology of the clot is dependent on material surface proper-
ties (Figs 1 and 2). Alkali-treatment of Ti surfaces, which renders surfaces from hydrophobic to superhydrophilic,
increased the deposition of fibrin matrix leading to thicker blood clots compared to native Ti (Fig. 4), in agreement
with previous observations?>*!. Alkali-treatment increases the activation of the blood coagulation cascade directly
via the intrinsic contact activation pathway, thus leading to increased fibrin deposition®. Second, the number of
adhering platelets is significantly increased on alkali-treated compared to native Ti surfaces (Fig. 2b-g,i). This
finding is particularly important in the context of the immune response, as well as of wound healing and tissue
repair processes'>!>2, since platelets secrete a plethora of factors upon activation, including PDGE, TGF3 and
VEGF!*!2, Third, Fn was found to colocalize with the fibrillar fibrin clot matrix in early stages (Figs 4 and 5).
Covalent cross-linking of plasma Fn and fibrin through the enzymatic activity of activated transglutaminase
FXIII*, which in turn is activated by the coagulation cascade®*, might further stabilise Fn-fibrin interactions,

SCIENTIFICREPORTS |6:21071| DOI: 10.1038/srep21071 8
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Figure 6. Co-culture of blood and fibroblasts synergistically increases secreted MMPs and VEGF.
Concentration of soluble factors in the supernatants of native and alkali-treated Ti surfaces exposed to blood
(white bars), blood & fibroblasts (grey bars) or fibroblasts (dark grey bars) 24 h after fibroblast seeding were
quantified. Barplots show concentrations of (a) C-terminal peptide of pro-collagen type I (CICP), (b) total
Matrix-metalloproteinase (MMP) including pro-MMP amount standardized to fluorescence reference substrate
conversion, (c) IL13, (d) TNFa, (e) TGF-B1 (including latent form) and (f) VEGE. Reported values correspond
to mean values £ standard error of the mean for experiments repeated for 8 blood donors. Statistically
significant differences between conditions are indicated by (*) for p < 0.05, by (**) for p < 0.01 and by (***) for
p < 0.001. Collagen production represented by CICP concentrations originates from fibroblasts, i.e. values are
similar between fibroblasts only and blood & fibroblast co-cultures. Alkali-treatment of Ti tends to increase
concentrations of IL13, TNFa, TGF-31 and MMPs, although co-culture with fibroblasts tamed surface
treatment differences of IL13, TNFa and TGF-31 concentrations. MMP and VEGF concentrations in fibroblast
and blood co-culture conditions were significantly increased compared to blood or fibroblasts alone, suggesting
a strong synergistic effect of fibroblasts and blood.

thereby promoting fibroblast adhesion, spreading and migration®-%. At later stages, fibroblasts were observed to
assemble new Fn fibres in the presence as well as in the absence of blood clots (Figs 4 and 5). Fourth, co-culture
of fibroblasts with entrapped blood cells enhanced fibroblast proliferation (Fig. 3). Fifth, the synergies between
blood clot with entrapped blood cells and fibroblasts significantly upregulated the secretion of MMPs (Fig. 6b)
and therefore the degradation of the clot matrix. Sixth, the blood clots with entrapped blood cells serve as a source
of growth factors and cytokines, i.e. of VEGE, TGF-31, IL13 and TNF« (Fig. 6¢c-f). Whereby the highest levels
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Haemoglobin g/l 117-170 161 133 144 120 157 123 116 136 136.3 16.7
Haematocrit 111 0.35-0.5 0.47 0.39 0.45 0.39 0.46 0.37 0.35 0.39 0.41 0.04
Erythrocytes 10'%/1 3.9-5.7 53 4.46 6.72 5.26 5.19 4.94 597 4.64 531 0.73
Platelets 10°/1 143-400 305 222 252 279 172 233 394 264 265.1 65.6
Leukocytes 10°/1 3.0-9.6 579 | 362 | 816 | 542 | 508 | 518 | 7.85 | 546 5.82 1.50
Neutrophils 1071 1.4-8.0 294 1.67 4.1 3.13 3.11 2.83 3.88 3.5 3.15 0.75
Monocytes 10°/1 0.16-0.95 0.39 0.56 0.42 0.4 0.22 0.43 0.63 0.4 0.43 0.12
Eosinophils 1071 0.0-0.7 0.08 0.06 0.26 0.04 0.08 0.2 0.21 0.05 0.12 0.09
Basophils 10°/1 0.0-0.14 0.02 0.02 0.03 0.01 0.03 0.05 0.07 0.03 0.03 0.02
Lymphocytes 1071 1.5-4.0 2.36 1.31 3.35 1.84 1.57 1.67 3.06 1.48 2.08 0.76
Quick % >70 87 87 93 109 92 — 97 98 94.7 7.6
INR — <12 1.1 1.1 1.1 1 1.1 — 1.1 1.1 1.1 0.0
aPTT s 24-36 24 27 28 24 25 — 23 25 25.1 1.8
Fibrinogen g/l 1.5-4.0 2 2.8 2.2 3.8 2.4 — 33 2 2.6 0.7
HbAlc % 4.8-5.9 5.1 5 5.8 5 53 54 4.7 5 52 0.3

Table 1. Blood of all 8 donors was screened for hematogram with automated leukocyte differentiation,
coagulation status and fibrinogen concentration, as well as concentration of Haemoglobin Alc (HbA1c)
to exclude for non-diagnosed diabetic conditions. Table 1 shows measured values for all 8 donors, as well as
the mean values and standard deviations (SD) for all donors. Used blood donors were classified as healthy as
analysed parameters were not considered pathological.
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Figure 7. Suggested mechanism how fibroblasts and Ti surface-adhering blood clot synergistically
upregulate remodelling capacity and angiogenic potential. A Ti implant surface provides a substrate for

the blood clot that is composed of a fibrin-fibronectin ECM, various blood cells and a pool of growth factors
(VEGF & TGF-31), inflammatory cytokines (TNFa and IL13) and matrix degrading enzymes (MMPs). Blood-
associated MMP secretion accelerates the degradation of the blood clot, while secretion of the growth factor
VEGF promotes angiogenesis. These data thus suggest a mechanism how the synergy between blood and
invading fibroblasts contributes to the accelerated wound healing response on alkali-treated Ti surfaces.

in the overall expression of VEGF were detected when the whole blood clots synergised with invading fibroblasts
(Fig. 6f).

Contrary to platelets, leukocyte numbers were similar on native and alkali-treated Ti surfaces after 24 hours
(Fig. 3b). However, using the same setup, alkali-treatment of Ti was previously shown to significantly increase
leukocyte numbers (presumably neutrophils) in adhering blood clots after 2h blood exposure®!. Hence, the addi-
tional 24 hours culture time in the current work may have resulted in neutrophil clearance by phagocytic mac-
rophages!>!*. The importance of neutrophils in wound healing was demonstrated in vitro, i.e. neutrophils from
wound sites regulate the innate immune response by modulating phenotype and cytokine profile expression of
macrophages'®. Additionally, wounds of neutrophil-depleted mice showed delayed wound closure, presumably
caused by a lack of stimuli from apoptotic neutrophils to activate macrophages®. Even though apoptosis is a fre-
quently noted event during normal wound healing, specific analysis of apoptosis was not performed in this study,

SCIENTIFICREPORTS | 6:21071 | DOI: 10.1038/srep21071 10



www.nature.com/scientificreports/

and hence, an enhanced induction of apoptosis through interaction of the blood cells and fibroblasts with the Ti
surface can not be excluded.

Blood clots with entrapped blood cells act as a major source of growth factors and of pro-inflammatory
cytokines, i.e. TGF-1, IL13 and TNFa (Fig. 6¢—e). Apart from IL13 on native Ti surfaces, levels of TGF-31, IL13
and TNFa were comparable for blood only conditions and the blood clots seeded with fibroblasts. The detected
levels very likely originate from activated platelets, which are known for rapidly inducing and sustaining the syn-
thesis of IL-1(3 over several hours®, and from activated macrophages that are known to release pro-inflammatory
cytokines such as TNFaq, IL13, IL12* and growth factors (e.g. TGF-3, basic fibroblast growth factor (bFGF),
PDGF)". TGF-B1 is known to mediate tissue repair and wound healing as an anti-inflammatory cytokine'?, in
addition to its effect on fibroblast differentiation into myofibroblasts*’ required for wound contraction. In the
current study, TGF-31 concentrations were measured in the range of 0.75-1.5 ng/ml, which is comparable to
described concentrations (2-10 ng/ml) inducing fibroblast to myofibroblast differentiation over the time course
of 3 or more days*’. However, immunostaining did not show any expression of a-SMA by fibroblasts, a marker
for myofibroblast differentiation®!, at least not after 24 hours.

Major crosstalk between entrapped blood cells and invading fibroblasts resulted in an increased remodelling
capacity through enhanced secretion of MMPs. Although MMP expression was detected for blood only as well
as fibroblast only conditions (Fig. 6b), as expected*>*?, it was highly upregulated in the co-culture of blood &
fibroblasts (Fig. 6). MMPs enable functional remodelling of provisional matrix during normal wound healing
and inhibition was shown to delay wound contraction, myofibroblast differentiation, as well as blood vessel for-
mation**. MMPs in the blood only condition among others originate from neutrophils, which secrete neutrophil
elastase and MMP-9 upon activation®. In addition, MMP secretion by monocytes and macrophages is upreg-
ulated after adhesion to preformed ECM, or ECM components such as Fn, collagen or laminin, and is further
enhanced upon binding to platelets*. Although fibroblasts are known to synthesize MMPs, exposure to Fn was
also shown to further enhance MMP secretion®’, which might explain the synergistic increase in detected MMPs.
Furthermore, cytokines or growth factors that originate from the blood clot (possibly but not limited to TGF-(31,
IL1B or TNFa) may have further triggered this synergistic response. Particularly, proinflammatory cytokines, as
secreted by neutrophils, monocytes/macrophages and platelets, induce MMP expression, especially in wound
sites'. Our data therefore suggest that MMP secretion is increased by fibroblasts in response to pro-inflammatory
cytokines and their interaction with the blood clot matrix.

Our most striking observation is that the synergy between blood clots and invading fibroblasts gives rise
to significantly increased levels of VEGF (Fig. 6f). Angiogenesis is crucial for wound healing?, and the devel-
opment of methods to increase angiogenesis in the proximity of implants remains one of the most challenging
problems in tissue engineering and regenerative medicine*®. One common approach with limited clinical success
was thus to furbish implants with bioactive coatings*. The synergistic upregulation of VEGF is therefore highly
significant, since it can explain the poor predictive clinical outcome of cell monoculture experiments. VEGF is
released from polymorphonuclear cells (PMNs, such as neutrophils) and macrophages'® during the early tissue
maturation phase®®, and mediates the recruitment of endothelial progenitor cells, endothelial cell proliferation,
survival, migration and differentiation®">2. Additionally, platelets contain VEGF in their alpha granules together
with other angiogenic factors, which collectively stimulate fibroblast and endothelial cell proliferation'?. A recent
study, investigating the interaction of peripheral blood mononuclear cells (PBMCs) with mesenchymal stem
cells (MSCs) seeded onto scaffolds, also found a synergistic upregulation of VEGF upon PBMC-MSC co-culture
compared to VEGF secreted by either cell type alone, even though MSCs alone secreted substantial amounts®®. In
the current study, upregulation of VEGF was only detected when blood was co-cultured with fibroblasts (Fig. 6f).

These same synergies between blood and invading fibroblasts thus provide a mechanistic explanation why
alkali-treatment of Ti promotes healing of alkali-treated dental implants (Fig. 7), especially of endosseous healing
as clinically observed?>2630; First, alkali-treatment increases the blood clot thickness and thus the density of
entrapped blood cells, including neutrophils (Fig. 2)*!. This in turn accelerates the invasion of fibroblasts which
subsequently upregulates the expression of MMPs (Fig. 6b) that are crucial for the degradation of the provisional
clot matrix and for the assembly of new ECM. The synergistic interactions of blood-borne cells and fibroblasts, as
well as of the stimulatory roles of peptide fragments released from the degrading blood clot subsequently upreg-
ulate VEGEF release (Fig. 6f) and thus the angiogenic potential. Finally, angiogenesis plays a major role in bone
repair®>. In contrast and in the absence of a blood clot, no differences were seen in the behaviour of fibroblasts
on alkali-treated versus native Ti surfaces (Fig. 2). This is in agreement with the literature, where osteoblastic cells
(human bone marrow stromal cells, MG-63 and SaOS-2) showed no morphological differences on native versus
alkali-treated Ti in vitro®®, and human gingival fibroblasts showed increased adhesion on alkali-treated Ti after
1 h, however these differences diminished after 3 hours in vitro™.

For future work and when focusing on osseointegration of Ti implants, this method of including initial
blood-material interactions should further be applied to osteoblasts and/or stem cells, which would require more
extended time periods to allow for cell differentiation. This agrees with a study from Bae et al., who showed that
physical cues from the ECM can stimulate differentiation of preosteoblasts and MSCs™. In addition, the use of
blood from patients who suffer from a high prevalence of implant failure (i.e. diabetic patients), may provide
additional insights into the underlying mechanisms, and assist in improving implant design.

The specific findings made here on Ti surfaces might be of far broader relevance. Since most implants get into
contact with blood during surgery, negligence of the healing potential from the crosstalk between blood-borne
cells, initial provisional fibrin-Fn matrix, secreted growth factors and cytokines and the first generation of invad-
ing cells might be the key reason why conventional cell culture systems, typically conducted with one or two cell
types only, have limited clinical predictive power regarding the performance of biomaterials and their physico-
chemical surface properties. This study design of co-culturing cells of interest together with blood clots is shown
here to improve on the predictive power regarding the healing potential of biomaterials. We thus recommend
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that this approach is implemented to test new materials designed for implantation, before moving towards in vivo
testing and reducing animal experiments that will fail because of wrong predictions in vitro.

Methods

Preparation of titanium surfaces. Disk-shaped Ti surfaces of 15mm in diameter and 2 mm thickness
composed of titanium grade 4 (Dynamet Incorporated Washington) were prepared, sandblasted, acid-etched
(SBA) by Thommen Medical AG and used as native Ti or further alkali-treated as previously described®"*.
Previous surface analysis indicated that superhydrophilicity created by alkali-treatment of microrough SBA Ti
surfaces might partly be attributed to deprotonation and ion exchange of hydroxyl-groups on the TiO,_, sur-
faces increasing the ionic character and the net negative surface charge®. In brief, alkali-treatment was per-
formed by sonication of Ti surfaces in 0.05 M aqueous NaOH for 30 s at room temperature immediately before
the experiment.

Blood collection and screening analysis.  Study approval from the local Ethical Committee of the Kanton
Zurich (KEK Zurich) was received under No. 2012-0111. The methods were carried out in accordance with the
approved guidelines. Whole blood from healthy volunteers was obtained at the University Hospital Zurich after
receiving informed consent according to standardized guidelines. For experimental reasons, blood samples were
anti-coagulated with heparin at a low concentration. Up to 60 ml of venous blood per donor was collected in
vacutainer tubes (BD Vacutainer™ No Additive (Z) Plus Tubes) and heparinized upon withdrawal to a final
concentration of 31U sodium heparin (Carl Roth, Germany, Eur. Ph., 120 IU/mg) per ml blood. Blood of every
donor was screened for hematogram with automated leukocyte differentiation, coagulation status and fibrinogen
concentration by the Institute for Haematology and for Haemoglobin Alc (HbAlc) by the Institute for Clinical
Chemistry of the University Hospital Zurich, as a measure for non-diagnosed diabetic conditions. The volunteers
were classified as healthy as analysed parameters were within the normal clinical range.

Blood clot formation. To mimic most closely a surgical situation, where an implant material gets into con-
tact with the patient’s blood, we used fresh human whole blood within 2 hours after it had been drawn. Native
and alkali-treated SBA Ti surfaces were incubated with whole blood in a rotating slide chamber system, as previ-
ously described?®’. In brief, Ti discs were assembled on both sides of a Teflon ring (inner diameter 12 mm, height
10mm) and clamped between two stainless steel plates creating a circular chamber with a final volume of 1.1 ml.
The closed chambers were filled completely with blood through a syringe port and incubated for 2 hours under
rotation at 6.6 rpm in an incubator (B6030, Heraeus, Hanau, Germany) at 37 °C. The surfaces were rinsed 3 times
in PBS with Ca** (0.9 mM CaCl) and Mg** (0.49 mM MgCl) and subsequently used for cell culture experiments.

Culture of human fibroblasts. Normal human dermal fibroblasts from juvenile foreskin (NHDF-c,
C-12300, PromoCell, Heidelberg, Germany) were cultured in Modified Eagle Medium Alpha (MEMalpha, No.
L0475, Biowest) supplemented with 2% (v/v) Human serum (converted) type AB (No. C11-002, Lot No. C00209-
2663, PAA, Pasching, Austria) without iso-agglutinins to eliminate blood type dependent immune responses.
Cells were cultured at 37°C and 5% CO, in a humidified atmosphere. The medium was changed every two to
three days. Cells of subculture passage number 8 were used for all experiments. Near-confluent fibroblasts were
released from TCP flasks (TPP) with Accutase (A6964, Sigma), centrifuged, resuspended in culture medium and
seeded onto bare or blood-exposed Ti surfaces in 24-well plates at a seeding density of 7500 cells/cm?. Blood
only, blood with subsequently seeded fibroblasts and fibroblasts only on native and alkali-treated Ti surfaces were
maintained in culture for 2 or 24 hours.

Scanning electron microscopy. SBA Ti surfaces, 2 or 24 hours after fibroblast seeding, were analysed by
scanning electron microscopy. Briefly, following blood incubation and/or subsequent fibroblast culture, Ti sur-
faces were rinsed once with PBS (without Ca?* and Mg?*), fixed with glutaraldehyde (4% (v/v) in PBS) for 1 h
and rinsed 3 times with PBS. Further fixation with osmium tetroxid (OsO,, 0.5% (v/v) in ddH,0) for 1 h was
followed by dehydration in a graded series of ethanol (from 50% to 100% in ddH,0). Subsequently, Ti surfaces
were dried over the critical point of CO, (Tc: 31°C, Pc: 73.8 bar) using a critical-point dryer (CPD 030, Bal-Tec
AG, Balzers, Liechtenstein or Tousimis CDP 931, Rockville, USA). After sputtercoating with 5nm platinum
(MEDO10, Balzers) images were recorded with a Zeiss Leo-1530 scanning electron microscope at 5kV accelera-
tion voltage detecting secondary electron signals.

Immunofluorescent staining and fluorescence microscopy.  After culturing of blood, blood & fibro-
blasts or fibroblasts on native and alkali-treated Ti surfaces for 2 or 24 h, Ti surfaces were rinsed once with PBS
and subsequently fixed in 4% (v/v) paraformaldehyde in PBS for 20 min followed by three rinses with PBS. Only
for F-actin and CD41 staining, cells were permeabilized with 0.1% (v/v) Triton-X 100 with 0.5% (w/v) bovine
serum albumin (BSA) in PBS for 10 min and followed (for all stainings) by blocking with 2% (w/v) BSA in PBS
for 1h. Used antibodies were incubated at room temperature and diluted in 2% (w/v) BSA in PBS. For F-actin
and CD41 staining, 1:100 diluted CD41 mouse monoclonal anti-integrin a2b antibody (19660, Sigma Aldrich)
was incubated for 1h, followed by 2 rinses with 2% (w/v) BSA in PBS and 2 rinses with PBS. Subsequently 1:200
diluted goat anti-mouse IgG Alexa 633 (Molecular Probes) and Alexa Fluor 488 phalloidin (A12379, Invitrogen)
were incubated for 1 h. For staining of Fn and fibrin, 1:100 diluted sheep anti-human fibronectin (AHP08, AbD
serotec) and mouse monoclonal anti-human fibrin(ogen) (F9902, Sigma) antibodies were incubated for 1h prior
to rinsing as described before. Incubation of secondary antibodies donkey anti-sheep IgG Alexa 488 (1:200,
Molecular Probes) and goat anti-mouse IgG Alexa 555 (1:200, Molecular Probes) for 1h followed. Subsequently
Ti surfaces were washed 3 times with PBS, stained for cell nuclei with 5 pg/ml 4’,6-diamidino-2-phenylindole,
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dilactate (DAPI, D3571, Invitrogen) in PBS for 5min and rinsed with PBS. Ti surfaces were mounted on glass
coverslips (24 x 50 mm, Carl Roth) using Mowiol 4-88 mounting media (Calbiochem) and analysed with an
Olympus FV1000 laser scanning confocal microscope using a 60 x 1.35 NA oil immersion objective with a field
of view of 44931.1 pm? Lower magnification images for cell nuclei quantification were acquired with a Nikon
TE2000-E epi-fluorescence microscope using a 10 x 0.3 NA air objective.

Image analysis and quantification. Confocal z-stack images of cell (F-actin and CD41) and ECM (Fn
and fibrin) components on Ti surfaces were quantified using Fiji®. Briefly, separate channels of z-stacks have
been thresholded using stack histogram based Otsu’s method, with a fixed lower limit of 300. Voxels above the
threshold were taken as positive for the respective channel, quantified and converted to volume. Colocalized
voxels of fibrin and Fn were quantified on logical AND combined masks of the two separate channels. Analyses
included 7 stacks of different fields of view per surface for duplicate Ti surfaces per condition repeated for 5 dif-
ferent blood donors, resulting in n = 70 analysed stacks per condition. 3D representations of z-stacks were created
by surface rendering confocal data with Imaris x 64, 7.5.1, software (Bitplane AG, Zurich, Switzerland) based
on intensity thresholds. Number of leukocytes and fibroblasts were analysed from low-magnification images of
DAPI stained nuclei. Masks of cell nuclei were created after background subtraction, applying local threshold
(Bernsen method) and analysis of particles with size of 12-2000 pixels and circularity of 0.1-1.0. Created masks
were applied to original images to get measures of total nuclei number as well as size and grey level intensity for
single nuclei. For images from blood & fibroblast conditions, measured area, mean grey and maximum intensity
values of all nuclei were used as input parameters for a k-Means clustering algorithm applied in MATLAB R2013b
(The MathWorks, Inc., Natick, Massachusetts, USA) resulting in separation of fibroblast and leukocyte nuclei into
2 clusters. Fibroblast and leukocyte quantification represents 11 images (area = 0.64 mm?) for 4 Ti surfaces per
condition repeated for 5 blood donors, resulting in n = 220 images per condition.

Quantification of soluble factors in supernatant. Supernatants of 6 Ti surfaces per condition for every
blood donor were collected 24 h after fibroblast seeding and pooled. Pooled supernatants were centrifuged at
1000 g for 15 minutes at 4 °C, subsequently aliquoted and stored at —80 °C until further analysis. Supernatants
were analysed with Elisa assays for CICP pro-collagen type I (Quidel, MicroVue CICP EIA, 8003), total direct
acid-activated TGF-31 (Promega, TGF-31 Emax ImmunoAssay System, G7590), IL-13 (BD OptEIA Human
IL-1beta ELISA Set II, No. 557953), TNFa (BD OptEIA Human, No. 555212) and VEGF (Invitrogen, VEGF
Human Antibody Pair, No. CHG0113, with Antibody Pair Buffer Kit (CNB0011)). MMPs including pro-MMPs
activated for 2 hours before the assay were quantified using a fluorometric MMP generic assay (Anaspec,
SensoLyte 520 generic MMP assay kit, No. 71158). All assays were performed according to the manufacturer’s
instructions measuring supernatant samples in duplicates.

Statistical analysis. All values were analysed for statistical significance using 2-way ANOVA mod-
els with factors donor and condition after checking Q-Q plots and Tukey-Anscombe distribution plots and
log-transformation to ensure normality distribution of residuals (apart from Fig. 5d) using the programme R.
Statistical differences between groups were tested with Tukey post-hoc comparison and statistical significance
between conditions was accepted for p < 0.05 denoted with (¥), p < 0.01 (**) and p < 0.001 (***).
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