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A B S T R A C T

Appropriate macrophage response to an implanted biomaterial is crucial for successful tissue healing outcomes.
In this work we investigated how intrinsic topological cues from electrospun biomaterials and extrinsic me-
chanical loads cooperate to guide macrophage activation and macrophage-tendon fibroblast cross-talk. We
performed a series of in vitro and in vivo experiments using aligned or randomly oriented polycaprolactone
nanofiber substrates in both mechanically loaded and unloaded conditions. Across all experiments a dis-
organized biomaterial fiber topography was alone sufficient to promote a pro-inflammatory signature in mac-
rophages, tendon fibroblasts, and tendon tissue. Extrinsic mechanical loading was found to strongly regulate the
character of this signature by reducing pro-inflammatory markers both in vitro and in vivo. We observed that
macrophages generally displayed a stronger response to biophysical cues than tendon fibroblasts, with dominant
effects of cross-talk between these cell types observed in mechanical co-culture models. Collectively our data
suggest that macrophages play a potentially important role as mechanosensory cells in tendon repair, and
provide insight into how biological response might be therapeutically modulated by rational biomaterial designs
that address the biomechanical niche of recruited cells.

1. Introduction

The use of ‘mechanical augmentation’ with biomaterial patches that
increase strength of surgically repaired soft tissues has emerged as a
major clinical advance in orthopedic medicine, with increasing use of a
wide range of natural or synthetic patches [1–4]. While natural extra-
cellular matrix (ECM)-derived scaffolds, such as collagen patches,
provide strong cues for cell infiltration, their degradation rate is rapid
and the mechanical support they offer is therefore limited [3,5]. On the
other hand, biodegradable synthetic polymers offer tunable degrada-
tion characteristics to provide initial mechanical support during the
critical tissue regeneration phase [2,6]. In particular, electrospun fiber
scaffolds can be designed to resemble native tissue ECM, for instance
mimicking the highly aligned collagen fiber matrix that characterizes

healthy tendon [7–10]. Among candidate patch materials, poly-
caprolactone (PCL) nanofiber scaffolds are synthetic, degradable and
biomimetic constructs that offer good biocompatibility, slow degrada-
tion rates and ‘tunable’ mechanical properties [11–14]. Due to their
capacity to promote tissue healing by simultaneously providing biolo-
gical cues and mechanical support, clinical use of such scaffolds is
growing [2].

Beyond the choice of the bulk biomaterial itself, a wide range of
design parameters can be varied to exert control over host tissue re-
sponse. How biomaterial substrate mechanics and biochemistry interact
to guide cell behavior has emerged as an important research topic with
broad implications to biomaterial design [15–17]. Specifically for
tendon repair, an aligned micro- or nanofiber structure is now under-
stood to be a highly instructive biophysical cue that can direct tendon
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specific lineage differentiation [18–25]. Our own work has shown that
deviations from aligned biomaterial surface structures may play a po-
tentially important role in predisposing inflammatory response of at-
tached tendon fibroblasts [26]. However tendon fibroblast-surface in-
teractions are just one aspect of biomaterial host interaction that is
likely to be further affected by presence of progenitor and immune cells,
as well as the mechanical forces that pervade implanted orthopedic
biomaterials [27–30].

While resident tissue fibroblasts and their progenitors have been
identified as sensitive to intrinsic mechanical and biophysical cues from
a biomaterial, considerably less is known about immune cell response
to extrinsic mechanical stretch [31]. Immune cells, particularly mac-
rophages, are among the first cells to respond to implanted biomater-
ials. Their initial interaction and, more specifically, their polarization
from an initial pro-inflammatory (M1-like) phenotype towards a re-
parative (M2-like) phenotype, is crucial for successful tissue-bioma-
terial integration [32]. Macrophages have the ability to polarize into a
broad spectrum of phenotypes and the high degree of plasticity allows
them a shift in the polarization state from M1 to M2 [33–35]. There-
fore, ‘immuno-modulatory’ design characteristics of regenerative bio-
materials, which induce favorable immune response upon implantation,
may be a powerful tool to achieve improved healing outcomes [36,37].

In this work we present a range of in vitro and in vivo studies to
characterize the effects of mechanical cues presented to macrophages
and/or human tendon fibroblasts (hTFs) from electrospun PCL scaffolds
mimicking those used in surgical repairs of torn tendons. The in vitro
studies model the first interaction of macrophages and hTFs within a
mechanically challenged biomaterial, allowing study in a tightly con-
trolled environment that includes the impact of mechanical and topo-
graphical cues on macrophage activation. Using this system, we sought
to clarify how macrophage inflammatory response may be regulated by
mechanical loads and potentially be modulated for a positive tendon
healing outcome. These responses were then verified in vivo, using the
same electrospun scaffolds implanted in rat Achilles tendons to in-
vestigate how biophysical cues from aligned and random scaffolds af-
fect early healing response (inflammation and cell invasion). The im-
pact of in vivo mechanical loads was investigated by comparing a
normal mechanical loading against a Botox-treated group.

These studies were broadly aimed at characterizing how topo-
graphical cues and mechanical load interact to potentially drive mac-
rophage polarization. The work was motivated by the fact that the PCL
fiber orientation can predispose the inflammatory response of hTFs
[26], and the plausibility that similar regulation of immune cells may
meaningfully influence the initial healing phase after surgery. We
therefore specifically investigated and characterized the response of
hTFs to mechanical loading in direct and indirect contact with macro-
phages.

Across all studies, our results indicate that disorganized biomaterial
topographies (mimetic of a disorganized collagen matrix) alone are
sufficient to provoke release of pro-inflammatory cytokines by macro-
phages. In vitro experiments on tendon fibroblasts without contact to
macrophages (i.e. mechanical monoculture) showed that this pro-in-
flammatory activation was promoted by dynamic mechanical loading
(7% strain, a level mimicking anabolic mechanical stimulus). For in-
stance, when tendon cells were incubated in macrophage conditioned
medium generated by mechanical stimulation of naïve macrophages in
monoculture, nuclear translocation of the p65 subunit of the NFκB
complex in human tendon fibroblasts was significantly increased.
Surprisingly, direct mechanical co-culture of M0 macrophages and hTFs
muted both tendon and macrophage responses to loading in comparison
to monoculture, highlighting a potentially central importance of direct
cell-cell communication in promoting M2-like macrophage polariza-
tion. These in vitro findings were robustly confirmed by the in vivo ex-
periments. Impressively, the sensitivity of macrophages to substrate
topography and mechanical stimulus was more profound than that of
the tendon fibroblasts, suggesting a currently hitherto unappreciated

but perhaps central role for macrophages as mechano-regulators of
tendon repair.

2. Results

Beyond mechanical reinforcement of repaired tissues, regenerative
biomaterials provide biophysical cues that affect the response of im-
mune and tissue-resident cells [38–40]. Classically, surface micro- and
nano-topography and chemical composition have been considered
central to this response, and these properties have been consequently
considered in biomaterial design [40]. However, the potential interac-
tions between resident fibroblasts and macrophages in the context of
biomaterial topography and mechanical forces are currently un-
described. We therefore performed a series of experiments on tendon
cells, macrophages, and synthetic biomaterials relevant to current
clinical practice, using an in vitro model system to study the effect of
topography and strain deformations on macrophages and human
tendon fibroblasts (hTFs) in both indirect and direct cell-cell contact
[26,41].

2.1. Disorganized substrate topography initiates macrophage polarization in
vitro

To investigate the potential shift in polarization of M0 macrophages
cultured on aligned and random electrospun polycaprolactone surfaces
with mean fiber diameter of 700 nm [40], we cultured these cells on the
structured surfaces for 24 h and examined their morphology and po-
larization profile. Consistent with previous studies [40,42] scanning
electron microscopy (SEM) images revealed marked morphological
differences between experimental conditions, with macrophages being
substantially more spread on randomly oriented topographies than on
aligned ones (Fig. 1A). Immunostaining revealed a heterogeneous ex-
pression of CCR7 (CD197, M1-marker) and MRC1 (CD206, M2-marker)
on both substrates (Supplementary Fig. S6). A heterogeneous gene ex-
pression with no obvious difference between the substrate topographies
was also seen in quantitative PCR (qPCR) for these markers (Fig. 1B, left
panel). However, flow cytometry analysis revealed that M0 macro-
phages cultures on substrates with random fiber orientation demon-
strated a moderate but significantly higher percentage of CCR7+ po-
sitive cells indicating a polarization shift towards a pro-inflammatory
(M1-like) phenotype (Fig. 1C). Furthermore, the cell population posi-
tive for MRC1+ (M2 marker) was similar for both substrate topo-
graphies. The expression level of IL1B appeared significantly increased
in cells cultured on randomly oriented substrates when compared to
those on aligned ones, whereas TNF and TGFB1 levels remained un-
changed (Fig. 1B, right panel). Analysis of macrophage-conditioned
media by U-PLEX ELISA revealed significant differences in secretion of
the pro-inflammatory cytokine TNF on randomly oriented substrate
topographies (Fig. 1D), with a non-significant difference in IL1β that
was nonetheless in agreement with gene expression level analysis being
higher in cells cultured on random substrates.

2.2. Dynamic mechanical loading drives macrophage polarization toward a
pro-inflammatory phenotype in vitro

Testing the impact of load on their polarization, M0 macrophages
were exposed to either static (1% constant baseline strain) or dynamic
loading (7% cyclic strain at 1 Hz), consisting of 8 h conditioning, fol-
lowed by a 16 h resting period. Independently of substrate topography,
dynamic loading caused a significant upregulation of CCR7 (M1-
marker) indicating a polarization towards a pro-inflammatory pheno-
type (Fig. 2A). Conversely, expression of MRC1 (M2-marker) was not
affected by either topography or loading (Fig. 2B). The trend for the
polarization towards the pro-inflammatory phenotype observed in gene
expression was further confirmed with flow cytometry by a higher
percentage of CCR7+ cells (Fig. 2C). Although differences did not reach
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significance, changes in the gene expression levels for pro-inflammatory
cytokines IL1B, TNF and TGFB1 were observed (Fig. 2D–F).

2.3. Secreted factors from mechanically challenged macrophages induce
NFκB pathway activation in statically cultured tendon fibroblasts in vitro

Having observed a more pro-inflammatory activation potential of
random scaffolds on macrophages, we then analyzed the response of

hTFs stimulated with their released factors. Briefly, conditioned
medium (CM) was collected after mechanical stimulation of macro-
phages and added to hTFs seeded on aligned substrates. Analysis of the
culture medium by multiplex ELISA revealed a high degree of varia-
bility in cytokine secretion, with non-significant differences between
the conditions (Fig. 3A). These observations were supported by analysis
of nuclear translocation of NFκB-p65 in hTFs 30 min after stimulation
by macrophage conditioned medium as well as gene expression at 24 h

Fig. 1. Randomly oriented substrates tend macrophage polarization toward an increased pro-inflammatory phenotype in vitro. (A) SEM images showed
morphological differences between macrophages attached to random (left panel) and aligned (right panel) PCL substrates with mean fiber diameter of 700 nm, with
more elongated cells on aligned substrates. (B) Gene expression levels of CCR7 (M1-like) and MRC1 (M2-like) were similar in M0 macrophages cultured on random
(checkerboard box) and aligned (white box) substrates. In cells cultured on the randomly oriented fibers, significantly increased expression of IL1B was detected,
whereas TNF and TGFB1 expression levels remained unchanged. (C) Flow cytometry analysis revealed the polarization of M0 macrophages towards the pro-
inflammatory (CCR7+) phenotype when cultured on the random substrates. The evaluation was performed by measuring the percentage of CCR7 (red dots) and
MRC1 (green triangles) positive cells in M0 macrophages cultured on random and aligned PCL nanofiber substrates. (D) Cytokine secretion in macrophages exposed
to the different topography cues displayed a significantly increased protein release of the pro-inflammatory cytokine TNF in cells cultured on random substrates. Data
are presented as the median of n = 6 (B), 5 (C), 3 (D) with the interquartile range and are considered significantly different when *P ≤ 0.05. Statistical analysis was
performed by a two-way ANOVA with Tukey's multiple comparisons test to assess the statistical difference on the gene expression level between the groups (B).
Further, the Kruskal Wallis non-parametric ANOVA with Dunn's post-test was performed comparing every treatment with its corresponding control (M0 on TCP) (C,
D) (*P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001). Scale bar represents 50 μm (magnification). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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(Fig. 3B, C and D). Here, the factors secreted by dynamically loaded
macrophages provoked a significant increase in p65 nuclear translo-
cation in hTFs than the supernatant of statically loaded macrophages.

2.4. NFκB pathway activation by IL1B stimulation is dampened in
mechanically loaded human tendon fibroblasts in vitro

The response of human tendon fibroblasts (hTFs) to the scaffolds

was analyzed, specifically the impact of the previously described
loading protocols (static and dynamic) on the response of hTFs – in-
dependently of macrophage presence in the culture system. An adap-
tation of the nucelar shape was found in response to applied static and
dynamic loads (Fig. 4A). The calculated aspect ratio indicated a sig-
nificant increased nuclear elongation in the cells cultured on both
constructs due to static load, being further increased due to dynamic
load in the cells cultured on the aligned constructs. Direct mechanical

Fig. 2. Dynamic loading of M0 macrophages induces a polarization shift towards the pro-inflammatory M1-like phenotype in vitro. (A,B) Mechanical
loading upregulates CCR7 (M1 marker) expression in M0 macrophages. A significant increase in CCR7 was found due to dynamic loading, whereas MRC1 gene
expression remained unaltered (n = 9). (C) The percentage of CCR7 positive cells reveal a polarization shift in the dynamically loaded cell population compared to
the unloaded control (M0 on random substrates) (n = 6). (D–F) In addition, gene expression levels of the inflammatory cytokines IL1B, TNF and TGFB1 were
measured in response to dynamic loading compared to the static loading condition. Results were normalized to M0 macrophages on random, unloaded substrates by
dividing through its median (n = 9). Statistical analysis was performed using Kruskal Wallis non-parametric one-way ANOVA with Dunn's post-test comparing every
treatment with its corresponding control (M0 on PCL random or aligned) (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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stimulation of human tendon fibroblasts induced translocation of p65 to
the nucleus, indicating activation of the NFκB pathway (Fig. 4B). This
observed mechano-activation was more pronounced in cells on the
random topology constructs. In seeming contrast to increased p65 nu-
clear presence in mechanically stimulated hTFs, mechanical load was
found to be protective against the dramatic NFκB pathway activation
caused by IL1B (Fig. 4C).

2.5. Direct co-culture of M0 and hTFs activates the NFκB pathway with
diminished expression of M1-like markers, and mechanically induced
increase of M2-like markers in vitro

Cross-talk of macrophages and hTFs was analyzed in a direct co-
culture study (Fig. 5A). Both cell types were cultured on aligned PCL

scaffolds in a 4:1 (M0:hTF) ratio for 24 h before applying the me-
chanical loading protocol lasting another 24 h. Nuclear translocation of
NFκB-p65 in hTFs cultured in direct co-culture with macrophages was
significantly increased compared to hTFs cultured alone. Interestingly,
dynamic load in direct co-culture samples did not promote further p65
nuclear translocation (Fig. 5B). Next, we performed flow cytometry
analysis using CD90 as hTF marker and CD14 for monocyte detection
(Fig. 5C). Subsequently, CD14+/CD90- cells were further gated for
CCR7+ (M1-type macrophages) and MRC1+ (M2-type macrophages)
(Fig. 5D). The results indicate that direct co-culture led to a reduction in
the CCR7+ (M1-marker) from 4.5% to 4.32% cell population and ad-
ditional loading with 7% strain led to an increase in the MRC1+ (M2-
marker) cell population from 2.14% to 4.7%.

Fig. 3. Immunoresponse of hTFs stimulated with macrophage conditioned medium (CM) in vitro. (A) Cytokine secretion in mechanically conditioned mac-
rophages was measured in the supernatant using a multiplex ELISA. Levels of IL-6, TNF, IL1β and IFN-γ were measured in the supernatant of mechanically loaded
(1% and 7% strain) and unloaded macrophages (n = 6). (B) hTFs seeded on aligned substrates stained for F-actin (red) and NFκB-p65 (green) stimulated with
macrophage conditioned medium of the pro-inflammatory macrophages (CM-M1) (the dotted line indicates the location of the nuclei). (C) Immunostaining against
p65 revealed significantly increased nuclear p65 in hTFs stimulated with CM from dynamically loaded macrophages. Medium conditioned by unloaded M0 mac-
rophages cultured on random substrates was used as control (n = 4). (D) Gene expression analysis reveals lower expression of MMP1 in hTFs stimulated with CM
from mechanically loaded macrophages. Tenogenic gene expression and fibroblast activation markers were not significantly altered in hTFs stimulated with CM. In
addition, significantly smaller expression levels of inflammatory cytokines TNF and IL1B were found in hTFs exposed to medium from mechanically loaded mac-
rophages (n = 6). Statistical analysis was performed using Kruskal Wallis non-parametric ANOVA with Dunn's post-test comparing every treatment with its cor-
responding control (CM of M0 unloaded) (*P ≤ 0.05, **P ≤ 0.001). Scale bar represents 20 μm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

A.D. Schoenenberger, et al. Biomaterials 249 (2020) 120034

5



2.6. Topographical and mechanical cues drive the immune response in vivo,
with mechanical loading and scaffold fiber alignment suppressing
inflammatory activation

Using an in vivo rat model, we then studied the immune response to
aligned and randomly oriented PCL scaffolds [43]. For that we im-
planted 4 mm2 random and aligned scaffolds within the core tendon
tissue of the Achilles tendons of rats. The regulation of host-biomaterial
interaction by extrinsic muscle forces to the tendon was studied using
Botulinum toxin (Botox) treatment. Nuclear staining of longitudinal
cryosections of the scaffolds 7 days after surgery revealed that in all
experimental conditions host cells densely populated both scaffold
types (Fig. 6A–B), with organization of the newly formed tissue within
and around the scaffold being qualitatively more disorganized in ran-
domly oriented scaffolds. Semi-quantitative analysis of im-
munohistochemistry sections indicated a tendency toward more CD68
positive cells located around and within the randomly oriented scaffold
with the lowest number of CD68+ cells in aligned scaffolds under
mechanical load (Fig. 6C).

Neo-tissue formation and immunofluorescent quantification of IL-
1β expression within the implanted scaffolds revealed clear sensitivity
to PCL fiber orientation as well as extrinsic mechanical load (p < 0.05;
Fig. 7). The IL-1β expression signature was strongly and significantly
elevated with inhibition of muscle loads. While immunofluorescence
signal of IL-6 was detectable in all experimental conditions (Fig. 7D), it
was lowest in aligned scaffolds, particularly aligned scaffolds in me-
chanically underloaded conditions.

3. Discussion

Synthetic biodegradable patches employed for surgical repair of soft
tissues require a certain mechanical elasticity, as the materials them-
selves can be subjected to large deformations. The deformation of a
biomaterial to applied forces has been shown to influence the pheno-
typic profile of attached macrophages [44–46] but the potential impact
this may have on the host tissue healing is poorly understood and lar-
gely uninvestigated [37]. Animal experiments have recently revealed
that microarchitectural design factors [47] such as fiber alignment [20]
can affect the quality of tendon neo-tissue formation. In the present
work, we aimed to clarify how mechano-regulation of macrophages
may be co-regulated by substrate topography, and further investigate
cross-talk with tendon fibroblasts in the context of surgical patches for
the augmented repair of torn rotator cuff tendons.

The host response to an implanted synthetic biomaterial heavily
depends on cross-talk between tissue resident fibroblasts and cells of

the immune system [30,40,48] While this response is likely to be cen-
tral to eventual clinical outcome, the involved cellular interactions are
complex and challenging to study [48]. In the present work, we in-
troduce a range of simplified in vitro models that offer to help unwind
some of this complexity, allowing focused investigation on the effect of
topographical cues and mechanical loading on primary human tendon
fibroblasts and a cell line model of human macrophages. We used these
models to study both their individual and cooperative behavior. We
specifically focused on inflammatory activation of tendon fibroblasts
and polarization of macrophages – both potentially important drivers of
host tissue response to a biomaterial [40]. The clinical motivation for
the present study was to better understand biomaterial-fibroblast-
macrophage interactions in the scope of synthetic biomaterial patches
employed for tendon repair surgery, and how the design and/or de-
ployment of a patch may affect outcome.

It has been shown that upon surgical implantation cellular response
and macrophage polarization can be mediated by biomaterial topo-
graphy cues through the control of cell shape [49]. In fact, it has been
reported that during the first hours after their initial contact with a
biomaterial, topographical cues can override effects of the underlying
surface chemistry [40]. Interestingly, nanofiber cues compared to
micro-fiber cues have particular potential to alter fibroblast response
from repair to healing [25]. Furthermore, it has been demonstrated that
different inflammatory responses were elicited depending on bioma-
terial grating patterns or electrospun fibers of different thickness and
compositions [50–52]. While the description of the underlying links
between inflammatory mechanisms and tendon homeostasis is thus
crucial to understand the factors that drive tissue repair quality [53],
these links have been under-investigated. We performed a series of
targeted experiments to address this knowledge gap.

In a first step, we mechanically characterized the tensile properties
of two electrospun polycaprolactone substrates similar fiber diameter
distributions with but highly variant fiber orientations. Both revealed
similar stress-strain characteristics (Supplementary Fig. S1). Next, we
analyzed the baseline response of M0 macrophages as a function of
biomaterial topography, using short-term (24 h) exposure to random
and aligned polycaprolactone (PCL) nanofiber substrates. Analysis of
cell morphology revealed substantially more elongated shapes of the
M0 macrophages on aligned substrates. Such cell shapes have been
previously associated with M2-like polarization [42]. Our results sup-
port these studies demonstrating that disorganized nanofiber topo-
graphy alone is able to initiate polarization of M0 macrophages towards
a pro-inflammatory phenotype. In addition, we observed that M0
macrophages cultured on randomly structured substrates exhibited
significantly increased levels of the pro-inflammatory cytokines IL1B at

Fig. 4. Mechanical loading protects against NFκB activation by IL1B in vitro. (A) Quantification of nuclear aspect ratio indicated a significantly increased
elongation of the nuclear shape in response to load, being more marked in cells cultured on the aligned substrates (white box) (n = 3). (B) Dynamic loading of hTFs
results in increased nuclear p65 presence. This effect was more pronounced in cells seeded on random (checkerboard box) than on aligned (white box) substrate
(n = 6). (C) Pro-inflammatory stimulation with IL1B following mechanical stimulation significantly reduced p65 subunit translocation (n = 6). Statistical analysis
was performed using Kruskal Wallis non-parametric ANOVA with Dunn's post-test comparing every treatment and with its corresponding control (M0 on PCL random
or aligned, unloaded) (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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the gene expression level, which were translated into a slight increase
in IL1B secretion. Overall, our results on macrophage activation by
biomaterial surface topography alone is in agreement with the litera-
ture, and underlines this aspect as a potentially important biomaterial
design element in patches used for tendon tissue repair
[31,40,48,51,54,55]. Also consistent with previous reports [44], we
observed increased M1-like activation with dynamic stretching (7% at
1 Hz) in macrophages cultured on randomly oriented topographies.
This polarization and expression of inflammatory markers was similar,
albeit lower in M0 loaded at dynamic 3% strain (Supplementary Fig.
S2). Interestingly, this initial pro-inflammatory activation reverted after
longer periods of time in co-culture (48 h, 72 h, Supplementary Fig. S3).
Although the precise mechanism has not yet been described, initial
experiments using the rho-associated kinase inhibitor Y27632 suggest

cell contractility to be important for load-induced polarization
(Supplementary Fig. S4).

Our experiments went beyond these previous observations to in-
vestigate whether pro-inflammatory effects of mechanical stretch could
be overridden by biomaterial surface topology. We found that the ob-
served behavior of macrophages on aligned substrates in static culture
(Fig. 1) was significantly changed by dynamic mechanical stimulation
of macrophages cultured alone (Fig. 2). Moving further toward poten-
tial effects on tissue resident fibroblasts, we analyzed secreted cytokines
from mechanically loaded macrophages. We hypothesized that factors
secreted by mechanically stimulated macrophages would in turn acti-
vate human tendon fibroblasts, and in fact NFκB pathway activation
was seen in hTFs exposed to conditioned medium from mechanically
loaded macrophage cultures (Fig. 3). When comparing the macrophage

Fig. 5. Direct co-culture of M0 and hTFs increases nuclear NFκB-p65 translocation in hTFs in vitro. (A) Immunofluorescent staining of M0 macrophages and
hTFs cultured on aligned PCL substrates stained for F-actin (red), DNA (blue) and NFκB-p65 (green). (B) Quantification of nuclear translocation of NFκB-p65 in hTFs
revealed significantly increased levels when co-cultured with M0 macrophages. Nevertheless, the nuclear p65 amount was lower in the mechanically stimulated
condition (n = 5). (C) Detection of cell populations by flow cytometry was done using CD14 and CD90 staining. CD14 positive and CD90 negative cells indicate
macrophages whereas CD90 positive and CD14 negative cells indicate tendon fibroblasts. (D) Further gating of CD14+/CD90- cells for their polarization markers
CCR7+ (M1-type marker) and MRC1+ (M2-type marker) indicate a trend for a polarization towards anti-inflammatory macrophages if exposed to 7% dynamic
loading in direct co-culture. The ratio between MRC1+/CCR7+ cells revealed a significant increased proportion of MRC1+ positive cells in the dynamically loaded
co-culture condition (n = 6). Specifically the percentages of CCR7+ cells were 4.5% for the M0 monoculture, 4.32% for the M0+hTF co-.culture and 4.745% for the
dynamically loaded co-culture. Regarding MRC1+ cells we measured 2.45% for the monoculture, 2.14% for the co-culture and 4.7% for the dynamically loaded co-
culture. Statistical analysis was performed using Kruskal Wallis non-parametric ANOVA with Dunn's post-test comparing every treatment and with its corresponding
control (hTF, unloaded or M0 on PCL aligned, unloaded respectively) (*P ≤ 0.05, **P ≤ 0.01). Scale bar represents 20 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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conditioned medium from both experimental conditions, the assayed
cytokine levels were quite variable and no statistical differences were
detected. Still, the observed increase in NFκB-p65 translocation sug-
gested that the non-statistically significant increase in TNF and IL1B
secretion among other possibly synergistic cytokines [56] was sufficient
to provoke the observed pro-inflammatory response, as well as de-
creased matrix turnover potential (Fig. 3). Furthermore, the intrinsic
expression of pro-inflammatory cytokines by the tendon fibroblasts
themselves was downregulated, indicating an adaptive mechanism in
response to the inflammatory stimulus from the macrophages.

Next, we investigated whether mechanical conditioning of tendon
fibroblasts could regulate their activation by exogenously introduced
proinflammatory cytokines. We have shown in our previous studies that
highly aligned biomaterial surface topographies can mute the in-
flammatory response of tendon fibroblasts to IL1B [26]. Here, we show
that hTFs mechanically challenged for 24 h do not significantly change
their gene expression of key matrix turnover genes or tenogenic mar-
kers (Supplementary Fig. S5). Although this partially contradicts pre-
viously published work, the shorter time points used in our experiments
may account for some of this discrepancy [57].

Hypothesizing that mechanical stretch may confer a similar “me-
chano-protective” effect, we mechanically conditioned hTFs before
subsequent stimulation by IL1B. In response to load we observed nu-
clear elongation in the cells cultured on both constructs (Fig. 4B). In-
deed, mechanical loading muted inflammatory activation as indicated
by the substantially diminished translocation of the NFκB-p65 subunit
to the nucleus (Fig. 4C). In fact, it has been shown that mechanical
factors including cell shape and the cellular environment influences the
NFκB-p65 localization and oscillation [58,59]. Because this effect has

also been reported to be regulated by substrate stiffness [58], we
speculate it is related to cytoskeleton-dependent gene regulation [60],
as it has been shown to be the case for other factors [61].

To determine if direct contact between tendon fibroblasts and
macrophages could be a critical factor in the outcome of the above
experiments we performed direct contact co-culture studies on the
aligned substrates, focusing on the polarization profile of M0 macro-
phages as the likely dominant biological outcome [62]. Consistent with
the literature using fibroblasts from other tissues, we observed that
direct contact co-culture generally led to a decreased fraction of pro-
inflammatory macrophages (diminished CCR7+ expression) in direct
contact co-culture with tendon fibroblasts. We also made the more
novel observation that dynamic mechanical loads further reduced the
pro-inflammatory macrophage population, accompanied by increased
proportions of M2-like (MRC1+) cell subpopulations within the system.
Collectively these observations illuminate non-trivial aspects of mac-
rophage-fibroblast interaction and the regulation of these interactions
by direct contact and biophysical cues from their matrix (or biomaterial
substrate). Similar anti-inflammatory effects have been described for
mesenchymal stromal cells (MSC) of different origins and autologous
MSC administration has even been proposed as a therapeutic treatment
[63]. Although our study did not reveal the factor or factor combination
behind the observed anti-inflammatory response, the increased IL6
production in tenocytes stimulated by macrophage-conditioned media
described by others [62] might be, at least partially, responsible [64].
Our results also hint at the potentially central importance of mechanical
forces in driving macrophage polarization in a manner consistent with
resolution of tissue healing [65–68].

Across this work, our findings were consistent with previous

Fig. 6. Tissue integration of PCL scaffolds with different fiber organizations in vivo. (A, B) Anti-CD68 staining of randomly oriented (upper panel) and aligned
(bottom panel) scaffolds 7 days after their implantation in rat Achilles tendons. Nuclear staining (DAPI, merge, right panel) reveals a large population of host cells in
both constructs, with anti-CD68 staining (pink, left panels) qualitatively indicating a higher number of/larger area covered by immune cells in the randomly oriented
samples. Yellow dotted lines (asterisk) in A and B marks the position of the scaffolds in the tissue. Scale bar represents 100 μm. (C) Semi-quantitative analysis of cell
number per area indicated high variability in the number of stained immune cells around and in the randomly oriented fiber scaffolds, with non-significant but large
effects consistent with in vitro observations that mechanical unloading and fiber disorganization promote a pro-inflammatory signature. Statistical analysis was
performed using Kruskal Wallis non-parametric ANOVA with Dunn's multiple comparisons test to assess the statistical difference between the groups (p = 0.333).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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literature on mechanical and surface structure regulation of macro-
phages and tendon cells, individually [19,21,22,40]. Our work re-
presents a knowledge advance in identifying how these individual re-
sponses augment and in some cases differ when these biophysical cues
are applied in co-culture systems. Among the most striking observations
is the manner in which mechanical stimulation initiates a low-level
activation of the NFκB pathway in isolated tendon cells, but this same
stimulus protects these cells from inflammatory “hyper-activation”.
Also striking was the degree to which biophysically-driven macrophage
polarization was context dependent, particularly with regard to direct
contact co-culture that when combined with mechanical loading in-
duced a marked increase in the M2-like macrophage marker MRC1.

We do note that this marker was generally expressed in only a small
subset of macrophages (< 5%), and that more thorough analysis of M2
markers would be valuable. In fact, the heavy reliance on only two
FACS compatible surface markers to infer the biological relevance of
the macrophages is a major limitation that we tried to address by also
more comprehensively assaying cytokine expression, and NFκB acti-
vation.

We focused on the NFκB pathway as a proxy for “pro-inflammatory
activation” since an increase in NFκB signaling has been related to
impaired tendon healing [69]. Further, it has been associated with in-
creased pro-inflammatory cytokine expression and innate immune cells
within the joint [69]. Therefore, the dynamic activation provides va-
luable knowledge regarding the outcome after surgical repair together
with the analyzed aspects involved in ECM turnover. We focused on
IL1B since it has been shown to trigger NFκB pathway activation,
however the cytokines involved in the complex processes following
injury are likely to be many [69]. The present in vitro model provides
little mechanistic insights into the role of mechanically challenged
biomaterials in mediating cell response. It does however represent an

important first step in introducing controlled in vitro experimental
models (and emergent phenotypes that are clinically/biologically re-
levant) that can be used to decouple stromal-immune cell cross-talk,
laying an essential groundwork for mechanistic study. A further lim-
itation of the study is the use of a cell line (THP-1) as macrophage
source. Nevertheless, repeating key experiments with primary mono-
cytes revealed similar behavior compared to the cell line
(Supplementary Figs. S6 and S7).

Importantly, the biological relevance of the above in vitro in-
vestigations was robustly supported by a series of in vivo experiments.
Here, scaffolds with aligned and random fiber organizations were im-
planted within the core tendon tissue of the rat Achilles tendon, with
the calf muscles of certain experimental groups being paralyzed by
injection with Botulinum toxin (Supplementary Fig. S8). These experi-
ments emulated the ‘unloaded’ situation of the in vitro experiments.
Cryosectioning and fluorescent staining showed a high density of host
cells in the scaffolds 7 days after surgery (Fig. 6). A heightened presence
of CD68+ cells in randomly ordered scaffolds was consistent with the
pro-inflammatory signature of these materials seen in vitro (Fig. 1). Also
consistent was that mechanical unloading by Botox treatment led to an
increased secretion of pro-inflammatory factors such as IL-1β accom-
panied by increased expression of matrix degrading enzymes (Fig. 7,
Supplementary Fig. S9). These data help to illuminate the link between
inflammatory mechanisms and tendon tissue homeostasis.

Taken together, our data consistently support the premise that dis-
organized PCL topographies provoke an increased inflammatory re-
sponse, and that macrophage sensitivity to substrate topography and
mechanical stimulus can powerfully affect biological outcomes that are
relevant to tissue repair. The fact that mechano-sensitive response of
macrophages in our models generally outweighed that of tendon fi-
broblasts was striking, and highlights a plausible role for macrophages

Fig. 7. Pro-inflammatory cytokine secretion is sensitive to electrospun fiber alignment and muscle forces in vivo. Representative images of randomly
oriented (A) and aligned (B) scaffold (between dashed lines, asterisk) placed in tendons of untreated animals and stained with IL-1β antibody (IL-1β - red signal in left
panels, merge of IL-1β signal, DIC and nuclear stain - right panel). (C) Semi-quantitative analysis of IL-1β expression on tissue sections. Significant large effect with
increased IL-1β secretion was found by host cells populating aligned scaffolds. Statistical analysis was performed using Mann Whitney test comparing dynamic load
(untreated) with the unloaded (Botox treated) group for aligned and random scaffolds, separately. (*P ≤ 0.05). Scale bars represent 100 μm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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as centrally important mechano-sensors that regulate tendon repair.
This potential role of macrophages appears to be underappreciated in
the literature regarding tendon repair. Our findings thus identify and
describe an important vector by which mechanical cues mediate
healing outcome after biomaterial implantation.

4. Conclusion

Using a novel in vitro model of tendon stromal-immune co-culture,
with strong support from accompanying in vivo rat model experiments,
we demonstrate the impact of topographical and mechanical cues on
early host-biomaterial interactions. We observed a profound response
of naïve macrophages to these stimuli, with strong effects on tendon
cells in indirect and direct co-culture. Strikingly, quantification of
macrophage response to mechanical loading was found to promote a
pronounced phenotypic switch towards an M2-like phenotype, a switch
that is widely considered to be beneficial for tissue healing. These
findings suggest that macrophages may play an important role as me-
chano-sensitive cells that modulate tendon healing. These insights
gained from a mechanically challenged model of stromal and immune
cell cross-talk inform our understanding of tissue repair, and highlight
how readily-controlled biomaterial design factors can integrate and
steer complex biological processes to divergent tissue repair outcomes.

5. Materials and methods

5.1. Electrospun polycaprolactone nanofiber substrates

Electrospun polycaprolactone (PCL) nanofiber membranes with
aligned and random orientation (Nanofiber solutions; NanoECM™,
NanoAligned™) were cut into strips (28 × 8 mm), soaked in 80%
ethanol for 1 h, washed with PBS and dried overnight in the incubator
(37 °C, 5% CO2). Following, the substrates were coated with collagen 1
solution (50 μg/ml, according to the previous described recipe [70])
and incubated for 18 h at 37 °C. Prior to cell seeding, the substrates
were washed with PBS and incubated with RPMI medium for 4 h.

5.2. Tissue collection and isolation of human tendon fibroblasts

Healthy hamstring tendons were obtained from male patients un-
dergoing surgical reconstruction of the anterior cruciate ligament.
Tissue collection received ethical permission of the Canton of Zurich
(permission number 2015-0089). Human tendon fibroblasts (hTFs)
were isolated from the tissues following a previously described protocol
[71]. First, the tissue samples were cleared from surrounding tissue,
trimmed into small pieces before digesting the extracellular matrix
(ECM) using collagenase D (Roche) for 6 h at 37 °C. Isolated cells were
cultured in DMEM/F12 (Sigma) supplemented with 20% fetal bovine
serum (FBS, Sigma), 1% penicillin-streptomycin (P/S, Sigma) and 1%
amphotericin B (Gibco). When 80% confluence was reached cells were
cryopreserved in liquid nitrogen in 70% DMEM/F12, 20% FBS and 10%
DMSO (Sigma). The experiments in this study were performed with
thawed and expanded hTFs at passage 2.

5.3. Macrophage differentiation

The human monocyte THP-1 cell line was obtained from ATCC
(American Type Culture Collection) and cultured in RPMI culture
medium (Sigma) supplemented with 10% FBS and 1% P/S at 37 °C in a
humified 5% CO2 atmosphere. Subculturing was performed routinely
before the cell density reached 1 × 106 cells/ml. Differentiation of
monocytes towards naïve macrophages (M0) was induced by stimu-
lating with 100 nM phorbol 12-myristate 13-acetate (PMA, Sigma) for 3
days, followed by 24 h cultivation with PMA-free fresh RPMI medium
[72,73]. The M1 phenotype was chemically provoked by stimulating
the naïve macrophages with 20 ng Interferon-γ (IFN-γ; Miltenyi Biotec)

and 100 ng LPS (Lipopolysaccharide; Sigma), while the M2 phenotype
was triggered by 20 ng Interleukin-4 (IL-4; Miltenyi Biotec) stimulation
for 24 h. The validation of a successful chemical polarization was
performed by measuring specific surface markers CCR7 (M1) and MRC1
(M2) on the gene expression and protein level. For experiments, naïve
(M0) macrophages were cultured on collagen coated tissue culture
plastic (TCP) or electrospun PCL nanofiber substrates at a density of
100,000 cells/cm2 and submerged in 3 ml of culture medium.

5.4. Tendon fibroblast and macrophages culture and mechanical
stimulation

Primary hTFs were seeded on aligned and random PCL nanofiber
substrates at a density of 25,000 cells/cm2 for 24 h before conditioning
with mechanical load. M0 macrophages and hTFs were co-cultured in
RPMI medium at a ration of 4:1 (M0:hTF; 100,000 cells/cm2 THP-1:
25,000 cells/cm2 hTFs) since the hTFs further proliferate in culture to
finally reach a similar number as the macrophages.

The hTFs were mechanically conditioned after 24 h of culturing on
the substrates while the THP-1 were primarily differentiated to M0
macrophages (4 days) before the stimulation. For mechanical stimula-
tion, cells adhering to PCL substrates were clamped within a custom-
made bioreactor for conditioning by either static load (1% strain) or
dynamic loading (7% strain) for 24 h. The dynamic loading protocol
consists of 8 h of 7% dynamic loading at 1 Hz followed by 16 h resting
period.

5.5. RNA isolation and quantitative real-time PCR

RNA isolation from hTFs and macrophages was performed by
adding 500 μl QIAzol Lysis Reagent (Qiagen, Switzerland) to the pre-
viously PBS washed cells. Briefly, chloroform was added to the samples
to induce the phase separation according to the manufacturer instruc-
tions. The quality and quantity of the RNA remaining in the aqueous
phase was analyzed using a Take 3 spectrophotometer (BioTek,
Switzerland). From 9 ng of total RNA complementary DNA (cDNA) was
synthesized in a volume of 20 μl using High Capacity RNA-to-cDNA Kit
(Thermo Scientific, Switzerland). Gene expression analysis of matrix
turnover genes in hTF and phenotype indicating surface markers in
macrophages was performed after mechanical stimulation by real time
qPCR. Each qPCR reaction was composed of 2 μl cDNA and 8 μl of
Mastermix (5 μl TaqMan® Universal PCR Master Mix, 0.5 μl of forward
and reverse TaqMan primer, 2.5 μl of ultrapure water) adding up to a
total volume of 10 μl. In the StepOne thermocycler (Applied
Biosystems) the samples were amplified after initial 10 min at 95 °C in
40 cycles of 95 °C for 15 s and 60 °C for 1 min. Technical duplicates
were measured for each sample and for the quantification the com-
parative 2−ΔCT method was chosen with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a reference gene. The relative gene ex-
pression levels were normalized to hTFs or M0 macrophages cultured
on unloaded, random or aligned substrates in RPMI medium.

5.6. Flow cytometry measurement

Macrophages were harvested using Accutase (Sigma) and trans-
ferred to a 1.5 ml tube (Eppendorf). Briefly, cells were washed once and
resuspended in 100 μl PBS containing the antibody mix. The conjugated
antibodies M1 polarization marker CD197 (CCR7) Alexa Fluor 647 (BD
Bioscience) and M2 polarization marker CD206 (MRC1) FITC (BD
Bioscience) were incubated for 20 min at 4 °C in the dark. Antibody
mixes also contained Live/Dead® violet (0.25 μg/ml cell suspension) in
order to exclude dead cells from the analysis. After incubation, samples
were washed with FACS buffer (1% BSA in PBS) and resuspended in
500 μl PBS before transferring into FACS tubes (Falcon). Samples were
kept on ice at 4 °C in the dark until measurement. Data collection was
performed using Fortessa device with FACS Diva software (Becton
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Dickinson, San Jose, CA, USA) and analyzed using FlowJo software
(TreeStar Inc., Ashland, OR, USA).

5.7. Scanning electron microscopy

Samples were fixed in 4% formaldehyde (Sigma) for 30 min at room
temperature and dehydrated by an ascending series of ethanol (from 50
to 100%), following a 5 min treatment with to hexamethyldisiloxane
(HMDSO, 205,389, Sigma). After air-drying overnight samples were
sputter coated with a 5 nm gold-palladium layer (high vacuum coater
Leica EM ACE 600, Switzerland). The Hitachi S-4800 scanning electron
microscope (Hitachi High-Technologies Corporation, Japan) was used
to acquire images of the cells cultured on the different substrates at an
acceleration voltage of 5 kV and 10 μA current, with a magnification up
to 15,000 times.

5.8. Immunofluorescent staining, image acquisition and analysis

Mechanically and chemically stimulated nuclear translocation of
NFκB p65 in hTFs was assessed by staining for the p65 subunit of NFκB.
Briefly, samples were washed with PBS and fixed in 4% formaldehyde
(Sigma) for 20 min at room temperature. Next, cells were permeabilized
with 0.2% Triton-X in PBS for 5 min before incubation for 1 h with the
primary anti-p65 mouse monoclonal antibody (1:50, sc-8008, Santa
Cruz Biotechnology, Germany). After three washing steps, cells were
incubation with Alexa Fluor 488-conjugated anti-mouse IgG (1:200,
A21202, Thermo Fisher) secondary antibody together with SiR-actin
(1:250, SC001, SpiroChrome). After the 1 h incubation, cell washed
three times and mounted using Immu-Mount™ (Thermo Scientific
Shandon, Cat# 10662815, United States). The same staining procedure
was applied in hTFs cultured on aligned PCL substrates after they were
stimulated for 30 min with conditioned medium from macrophages
exposed to different mechanical loading protocols and furthermore
after additional 15 min of chemical stimulation by 5 ng/ml IL1B. Cell
nuclear morphology was quantified for hTFs stained with NucBlue™
(Nucleus) calculating the aspect ratio (major axis/minor axis) using a
Fiji and associated plugins [74].

The polarization profile of M0 macrophages on PCL nanofiber
substrates was assessed using the staining protocol as described above
with the primary antibodies CCR7 (1:200, ab32527, rabbit, Thermo
Fischer, Switzerland) for the M1 surface marker and MRC1 (1:50,
MCA2155, mouse, Thermo Fischer, Switzerland) for the M2 surface
marker. Next, cells were incubated with the secondary antibodies
Alexa488 (1:1000, A-21206, donkey anti-Rabbit, Thermo Fischer,
Switzerland) for the M1 surface marker, Alexa Fluor 647 (1:1000, A-
21235, goat anti-Mouse, Thermo Fischer, Switzerland) for the M2 re-
spectively and NucBlue™ reagent (1 drop/ml, R37606, Thermo Fischer,
Switzerland) for the cell nuclei.

Imaging was performed using a spinning disc confocal microscope
equipped with a 10x and a 60x 1.35 N A. oil-immersion objective. Co-
culture images were acquired using a Nikon (Nikon eclipse Ti2-A,
Nikon Instruments Europe B.V.) equipped with a 60x objective. ImageJ
software (version 2.0.0-rc-15) was used to quantify the NFκB p65 signal
within the nucleus (p65 nuc) and in the cytoplasm (p65 cyto). More
precisely, the ratio of p65 within the nucleus compared to the cyto-
plasm was calculated by measuring the fluorescence intensity in both
compartments for 8 cells per condition and time point.

The explanted tissue of the in vivo experiments was fixed in 4%
paraformaldehyde in PBS for 24 h and subsequently washed in PBS 3x
for 1 h and cryo-preserved in 30% sucrose in PBS embedded in cryo-
medium (Surgipath Cryogel®, Leica Microsystems, Vienna, Austria).
Subsequently, 12 μm cryosections were prepared using a Leica CM1950
cryostat.

For immunohistochemmical staining, the sections were washed in
PBS for 5 min and blocked with 1% bovine serum albumin in PBS for
15 min. The antibodies were diluted in the same buffer (CD68: Novus

Bio NB100-683, 1:30; IL1-β: Proteintech 66,737-1-lg, 1:100; IL6 Abcam
ab6672, 1:100; MMP1: Proteintech10371-2-AP, 1:100; MMP2:
Proteintech 66366-1-Ig, 1:100; MMP3: Proteintech 66338-1-Ig, 1:200;
MMP13: Proteintech 18165-1-AP, 1:100) and incubated in a wet
chamber at 4 °C for 12 h. After 3 washing steps in PBS (5 min), the
sections were incubated with corresponding secondary antibodies
(Alexa488-, Alexa568-, or Alexa647 1:500; Invitrogen, Karlsruhe,
Germany) and 4,6-Diamidino-2phenylindol dihydrochlorid (DAPI,
1:500) for 1 h at room temperature. After 3 washing steps in PBS, the
sections were embedded in FluoromountTM Aqueous Mounting
Medium (Sigma Aldrich, Vienna, Austria) and preceded to microscopic
analysis. Confocal imaging was performed using a LSM 700 confocal
microscope (Zeiss), image acquisition was done with ZEN 2010 (Zeiss),
and image dimensions were 1024 × 1024 pixels with an image depth of
16 bit. Two times averaging was applied during image acquisition.
Laser power and gain were adjusted to avoid saturation of single pixels.
All images were taken using identical microscope settings based on the
secondary antibody control stainings. Antibody signals were semi-
quantitatively analyzed by ImageJ software. For CD68, number of po-
sitive cells/mm2 was analyzed, for all other (secreted) proteins, % area
was analyzed as previously published (PMID: 29672303).

5.9. ELISA assay

Conditioned medium from macrophages exposed to different sub-
strate topographies and mechanical loading protocols was collected
after 24 h of loading. Quantification of IL-6, TNF, IL1β, IFN-γ, IL-13, IL-
4, IL-8, MCP-1, MDC and SDF-1a was performed using a custom made
Meso Scale Discovery U-PLEX human biomarkers (Meso Scale
Discovery) according to the manufacturer's instructions. Plates were
read using the MESO™ QuickPlex SQ 120 imager (Meso Scale
Discovery).

5.10. Animal experiments

All animal experiments and procedures were conducted in ac-
cordance with Austrian laws and were approved by regulatory autho-
rities on animal experimentation (permit number BMWFW-66.019/
0038-V/3b/2019).

A total of 18 male Sprague Dawley rats (age 12 weeks, Janvier Labs,
Le Genest-Saint-Isle, France) were included in the study. For scaffold
implantation, the Achilles tendon was exposed by a dorsal skin incision
and a standardized 5 mm incision was created in the Achilles tendon.
Subsequently, the scaffold was implanted press-fit without any addi-
tional fixation. The skin was then closed using sutures.

In 6 animals, the oriented scaffold was implanted into the right
Achilles tendon and the non-oriented scaffold was inserted into the left
Achilles tendon. An additional 12 animals were treated with
Clostridium botulinum Toxin Typ A (Botox, Allergan, Frankfurt,
Germany). Therefore, under general anesthesia 1IU in 50 μl sterile
saline was injected into each the M. gastrocnemius lateralis and med-
ialis, as well as into the M. soleus muscle. 4 days after the injection
scaffold implantation was performed as described. 7d post-surgery the
animals were euthanized by intracardial barbiturate injection under
general anesthesia and the Achilles tendons were harvested, fixed in 4%
paraformaldehyde in PBS for 24 h at 4 °C, and subsequently processed
for cryosectioning.

5.11. Statistical analysis

The Kruskal Wallis non-parametric ANOVA with Dunn's post-test
was performed to analyze the impact of topography cues on M0 mac-
rophages by comparing them after cultivating on random oriented and
aligned PCL substrates compared with its control (M0 on TCP) in vitro
using GraphPad Prism (version 7.0a). Gene expression results are pre-
sented as relative expression of hTFs and macrophages cultured on the
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different substrates and exposed to the mechanical stimulation nor-
malized to corresponding control by dividing through the median of the
control (hTFs cultured on TCP or unloaded PCL). Statistical analysis of
the gene expression data as well as the differences between nuclear-to-
cytoplasmic p65 ratios was performed using two-way ANOVA with
Tukey's post hoc test and Kruskal Wallis non-parametric ANOVA with
Dunn's post hoc multiple comparison method, comparing every treat-
ment and with its corresponding control using GraphPad Prism (version
7.0a). In addition, a Kruskal Wallis non-parametric ANOVA with Dunn's
post-test was performed to compare the nuclear translocation of p65 in
dynamically loaded hTFs to the unloaded control. The data on the
protein level acquired by flow cytometry or UPLEX ELISA was analyzed
by Kruskal Wallis non-parametric ANOVA with Dunn's post hoc mul-
tiple comparison method to investigate the effect of topographical cues
(random, aligned PCL scaffolds) or mechanical loading (1%, 7% strain)
in regard to TCP or unloaded samples, respectively. The results are
displayed as median ± range of several independent experiments (n
represents a new thawed macrophage aliquot and/or tendon donor)
and are considered statistically significantly different when *p ≤ 0.05.
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ABBREVIATIONS

CCR7 C-C chemokine receptor type 7
CD14 Cluster of differentiation 14
CD248 Cluster of differentiation 248
CD90 Cluster of differentiation 90
CD68 Cluster of differentiation 68
CM Macrophage conditioned medium
COL1 Collagen type 1
COL3 Collagen type 3
DNA Deoxyribonucleic acid
FSC-A Forward scatter area

hTF Human tendon fibroblast
IFN-γ Interferon-gamma
IL1B Interleukin-1beta
IL-6 Interleukin-6
MKX Mohawk
MMP1 Matrix metalloproteinase 1
MMP3 Matrix metalloproteinase 3
MMP13 Matrix metalloproteinase 13
MSC mesenchymal stem cell
MRC1 Mannose receptor C-type 1
NFκB-p65Nuclear factor ‘kappa-light-chain-enhancer’ of activated B-

cells subunit p65
PCL Polycaprolactone
PDPN Podoplanin
ROCK Rho kinase
SCX Scleraxis
TCP Tissue culture plastic
TGFB1 Transforming growth factor beta-1
TNF Tumor necrosis factor alpha
VCAM1 Vascular cell adhesion protein 1
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