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Abstract

Macrophages are key players of the innate immune system that can roughly be divided into the pro-
inflammatory M1 type and the anti-inflammatory, pro-healing M2 type. While a transient initial pro-
inflammatory state is helpful, a prolonged inflammation deteriorates a proper healing and subsequent
regeneration. One promising strategy to drive macrophage polarization by biomaterials is precise
control over biomaterial geometry. For regenerative approaches, it is of particular interest to identify
geometrical parameters that direct human macrophage polarization. For this purpose, we advanced
melt electrowriting (MEW) towards the fabrication of fibrous scaffolds with box-shaped pores and

precise inter-fiber spacing from 100 zm down to only 40 um. These scaffolds facilitate primary human
macrophage elongation accompanied by differentiation towards the M2 type, which was most
pronounced for the smallest pore size of 40 ym. These new findings can be important in helping to
design new biomaterials with an enhanced positive impact on tissue regeneration.

1. Introduction

Influencing or ideally directing the innate immune
response after implantation remains one of the major
challenges in the development of biomaterials and the
design of three-dimensional (3D) scaffolds [1]. The
early phase of the immune reaction is characterized by
protein adsorption to the biomaterial’s surface, fol-
lowed by a provisional matrix formation [2]. The
subsequent acute inflammation involves neutrophil
recruitment to the injury site from the blood stream.
This neutrophil response after biomaterial implant-
ation commonly resolves within several days and
overlaps with subsequent arrival of mononuclear cells
such as monocytes and lymphocytes that can initiate
the chronic inflammatory response at the site of
implantation [3]. Thereby, monocyte-derived macro-
phages are among the key players of the initial
inflammatory reaction and overall response to the

implanted biomaterial, determining whether a fibrous
capsule formation or the resolution of the inflamma-
tory process and hence tissue regeneration will take
place [4].

Macrophages are highly plastic and can roughly be
divided into two main subtypes depending on their
functionality and spatial occurrence: the ‘classically
activated’ M1 and the ‘alternatively activated’ M2 phe-
notype [5]. The M1 macrophages typically release high
amounts of pro-inflammatory cytokines such as IL-
15, IL-8, and TNFa, show microbicidal activity as well
as a high phagocytic activity, and produce reactive
nitrogen and oxygen species [6, 7]. This M1 macro-
phage action always provokes an inflammatory
response after biomaterial implantation and is manda-
tory as an initial step for proper wound healing and tis-
sue regeneration. However, the extended presence of
M1 macrophages leads to severe foreign body respon-
ses as well as granuloma and fiber encapsulation
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resulting in a chronic inflammatory response and fail-
ure of the biomaterial’s integration [8].

In contrast, M2 macrophages release anti-inflam-
matory cytokines such as IL-10 and are characterized
by the expression of scavenger (CD163) as well as
mannose receptors (CD206) [9, 10]. Furthermore,
they comprise a range of different subsets (M2a, M2b,
M2c¢) with functionalities ranging from regulation to
wound healing [11]. While the M2a and M2b sub-
groups fulfill immune regulatory functions, the M2c
subset is crucial for tissue remodeling and the suppres-
sion of inflammatory immune responses by the secre-
tion of TGF-{1 and IL-10 [12, 13]. These factors
contribute to the vascularization of regenerative bio-
materials and inhibiting the formation of fibrous tis-
sue, which greatly improves the integration and
performance of the biomaterial to fulfill its intended
function [5].

For tissue-regenerative applications, it is therefore
of importance that biomaterials can attenuate the pro-
inflammatory response and to promote macrophage
polarization into the regenerative type. One strategy to
generate immunomodulating biomaterials are (bio)
chemical modifications at the material surface. For
example, extracellular matrix proteins can be used to
control the integrin adhesion of monocytes and
thereby either prevent M1 polarization or promote
M2 differentiation [14—16]. Furthermore, biomater-
ials can be designed to present as well as to release anti-
inflammatory molecules, such as dexamethasone [17],
heparin [18], and cytokines like IL-4 or IL-10
[15, 19, 20], respectively, or to bind pro-inflammatory
cytokines by functionalized electrospun fiber surfaces
with neutralizing antibodies [21] to modulate the
immune response.

Another strategy to influence the immune
response involves physical cues, such as material stiff-
ness, surface roughness, topography or micro-
structure of the biomaterial. Accordingly, stiffer
hydrogels promoted macrophage adhesion but also
increased the pro-inflammatory immune response
compared to softer gels [22]. Furthermore, porous
structures have already been described to influence the
polarization of macrophages in vivo [23]. A concave-
structured hydrogel, based on poly(2-hydroxyethyl
methacrylate) (pHEMA) with a highly ordered archi-
tecture and exactly equally-sized pores of up to 40 um,
showed a pronounced infiltration of murine macro-
phages being mainly directed towards the healing phe-
notype. However, the scaffold fabrication method,
used in this study, does yield scaffolds with a bimodal
pore size distribution, originating from the diameter
of the templating spheres and their contact areas in
dense packing. Hence, an unambiguous correlation
between a defined pore size and effects on innate
immune cells is difficult.

Also, extrusion-printed porous scaffolds of chit-
osan with diagonally orientated fibers generating
triangular-like pores with filament diameters of
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75+ 5 pm as well as inter-filament spacings of
165 + 5 um, were shown to promote the anti-inflam-
matory macrophage phenotype. These scaffolds
decreased the pro-inflammatory cytokine release of
these cells whereas the secretion of pro-inflammatory
markers by macrophages on box-shaped constructs
with orthogonally arranged fibers was enhanced [24].

In addition, McWorther et al (2013), Wang et al
(2016) as well as Chen et al (2010) have reported con-
siderable effects of micro- and nano-topographical
features towards the M2 macrophage polarization
[25-28], when murine macrophages were triggered to
adopt an elongated phenotype by these setups in vitro
and in vivo. While this effect of elongation and the cor-
relation with a thereby induced M2 polarization could
be described in 2D for murine macrophages by either
micropatterning or stimulation with IL-4 [27], this
behavior could so far not be triggered for primary
human macrophages. For human macrophages, the
induced polarization in 2D by differentiation factors
lead to a pronounced elongated shape rather for M1-
(LPS/INF-+) than for M2- (IL-4 or Dexamethasone)
macrophages [29, 30]. It has furthermore been shown
that the outcome of morphology and polarization of
human macrophages differs between 2D and 3D
environments [31, 32]. However, the elongation of
human monocyte-derived macrophages on 3D scaf-
folds and the resulting effects on differentiation and
polarization has so far been unexplored. One potential
reason is the lack of suited scaffold fabrication
methods.

The additive manufacturing technique of melt
electrowriting (MEW) is an especially suitable and
advantageous approach in this context as it enables the
production of highly defined scaffold geometries built
of fibers with diameters in the lower micrometer range
[33]. In detail, defined pore sizes as well as pore inter-
connectivities have been achieved when directly-
written fiber substrates were generated by MEW in a
layer-by-layer fashion [34, 35]. Our group has also
demonstrated the ability of cells to attach, infiltrate,
and proliferate upon seeding onto MEW scaffolds, of
interest for various tissue engineering applications
[35-37]. The most widely investigated polymer for
MEW processing is poly(e-caprolactone) (PCL),
which is compatible with both in vivo and in vitro
applications [38]. Defined melt-electrowritten PCL
constructs with pore sizes ranging from several micro-
meters to several millimeters and fiber diameters
between 800 nm and 50 pm [37, 39] have been pre-
viously described. The fiber deposition accuracy, is
one limitation of MEW, especially with build height
[40] and is mainly affected by dielectric shielding and
residual charges around each deposited fiber [41]. On
the one hand, this limits the discrete deposition of any
two fibers to a minimal distance of a few tens of micro-
meters, depending on the fiber diameter, process para-
meters and used polymer. On the other hand, this
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strategy to modulate the polarization of human macrophages.

Scheme 1. Smaller pore sizes promote human macrophage elongation and M2-like polarization. Melt-electrowritten fiber scaffolds
with decreasing pore sizes enhance the potential of human macrophages to elongate. Furthermore, the elongation is linked to an
increased M2-like polarization. Thus, this study demonstrates that 3D design of biomaterials with precisely adjusted porosity is a

Table 1. Manufacturing parameters and settings for the production of box-, triangle-, round-, and disordered MEW scaffolds.

Melt temper- Air Collector Linear collector speed
Geometry ature (°C) Nozzle pressure (bar) distance (mm) Voltage (mm min~—")
Square box 85 30G 2 1.4 earth/+4.0kV 950
Triangle 85 30G 2 1.4 earth/+4.0kV 950
Round 77 25G 1.2 1.0 —0.5kV 2.5kV 70
Disordered 95 22G 0.2 8 —2.5kV 8.0kV 100

electrostatic attraction of fibers assists in the precise
stacking of fibers to a certain height.

In the present study, we have advanced the preci-
sion of MEW to allow for the fabrication of 3D porous
fiber scaffolds with several adjustable but defined geo-
metries that comprise one consistent pore size down
to 40 pm throughout each individual construct. Box-
shaped constructs with pore sizes ranging from 40 to
100 pm were then seeded with primary human per-
ipheral blood derived macrophages. Analysis of the
cell behavior on these scaffolds regarding cell morph-
ology, gene expression, cytokine release, surface mar-
ker expression and phagocytic activity provided for the
first time a clear evidence of elongation driven human
macrophage polarization in 3D scaffolds. Specifically,
the data shows the correlation between small pore
sizes and the cells’ increased elongation behavior as
well as their enhanced differentiation towards a pro-
healing M2 macrophage phenotype (scheme 1). Alto-
gether, this suggested an extended geometry-based
healing effect for those 3D scaffolds with the smallest
pore size tested and might set the stage for planning
future promising biomaterial designs of clinical
relevance.

2. Materials and methods

2.1. Materials
Medical-grade PCL (Corbion Inc., Netherlands, PUR-
ASORB PC 12, Lot# 1412000249, 03/2015) was used

as received and handled as described elsewhere [42].
All other chemicals were purchased from Merck
(Darmstadt, Germany) unless otherwise stated.

2.2.3D PCL MEW scaffold and 2D PCL film
fabrication

All samples were fabricated with a previously
described, custom-built MEW printer [42]. The main
experiments in this study were performed with square
box-shaped scaffolds, whose manufacturing para-
meters slightly differed from scaffolds with other
geometries (table 1). Briefly, PCL pellets for box-
shaped scaffolds were molten in a syringe with a 30G
nozzle (Nordson Deutschland GmbH, Germany) at
up to 77 °C until completely liquefied. A positive,
4.0 kV high voltage was applied to the nozzle while the
collector plate was grounded. The distance between
the nozzle and the collector plate was adjusted to
1.4 mm. The polymer melt was pushed through the
nozzle by applying 2 bar air pressure on the entire
syringe. MEW head (heater, syringe and nozzle) was held
in a fixed position and straight fibers were printed onto a
moving collector plate at a speed of 950 mm min~".
After the initial stabilization of the electrified polymer
jet, the box-shaped scaffolds (10 mm x 10 mm) were
directly written as 3D structures using a similar G-code
motion path and filament deposition onto the collector
plate as has been previously described [39]. The
manufacturing parameters for the triangle-, round-, and
disordered-shaped scaffolds were adapted as listed in
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Table 2. Combinations of pore size, number of stacked layers, and
fiber diameter.

Pore Number of Fiber

size Actual pore layers in x- and diameter
(pm) size (pum) y-direction (pm)

100 1029 + 3.3 2 x 30 29 £03
80 80.7 £ 2.8 2 x 20 2.6 £0.3
60 59.5 £ 2.0 2 x 18 2.7 +£0.2
50 49.8 + 1.4 2 x 15 29 £0.2
40 40.0 = 0.6 2 x 10 2.6 £0.2

table 1. The box-shaped scaffolds were further varied
and differed in the pore size and the stacking height as
stated in table 2.

A smooth PCL film was used as a 2D control,
where PCL pellets were melted using a heat gun at a
temperature of 90°C. The film was drawn at a speed of
2mms ™' toa thickness of approximately 100 ym. For
the cell culture experiments, PCL film disks with a dia-
meter of 14 mm were used.

Prior to cell culture experiments, PCL MEW scaf-
folds and films were sterilized in 70 % ethanol for
30 min followed by extensively washing in Dulbecco’s
phosphate buffered saline (PBS).

2.3. Scaffold imaging and characterization

For the scaffold imaging using a Zeiss Crossbeam 340
scanning electron microscope (SEM; Carl Zeiss Micro-
scopy GmbH, Oberkochen, Germany), the samples
were coated with a 3 nm thick conductive platinum
layer in a Leica EM ACE600 sputtering unit (Leica
Microsystems, Wetzlar, Germany) prior to SEM
imaging. The straight-line selection tool of Image]J
software was used to measure pore size (defined as the
space between the inner edges of two parallel fibers)
and fiber diameters. Measurements were taken at 20
random regions within the SEM images and mean
values were calculated.

3. Biological methods

3.1. Cell culture

All experiments were performed with the approval of
the Local Ethics Committee of the University of
Wiirzburg. Buffy coats were obtained from the Bavar-
ian Red Cross (Blood donor service, German Red
Cross, Wiesentheid, Germany) with the written
informed consent of each blood donor.

Monocytes were isolated from human blood-
derived buffy coats of healthy donors. Peripheral blood
mononuclear cells were collected by density gradient
centrifugation with Pancoll (Density: 1077 g 1%
Pan-Biotech, Aidenbach, Germany). Monocytes were
isolated via negative selection (Pan Monocyte Isola-
tion Kit, Miltenyi Biotec, Gladbach, Germany). Cells
were seeded onto the different scaffold types and
the 2D-PCL control and cultivated for up to seven
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days in macrophage culture medium (RPMI-1640,
GlutaMAX™ (Thermo Fischer Scientific, Waltham,
USA)) with 10% (v/v) of human platelet lysate [43]
(hPL, PL Bioscience, Aachen, Germany) and 1% (v/v)
Penicillin-Streptomycin (Pen-Strep; 5000 U ml™")
(Thermo Fisher Scientific, Waltham, USA) in tissue
culture-treated 24-well plates (Nunc, Thermo Fischer
Scientific, Waltham, USA) in a humidified atmos-
phere at 37 °C and 5% CO,. Monocytes differentiated
spontaneously, i.e. without supplemented differentia-
tion factors, into so-called MO macrophages within
this time.

In detail, 0.75 x 10° freshly isolated monocytes
suspended in 50 pl were seeded onto each sample in a
tissue culture-treated 24-well plate. While melt-elec-
trowritten scaffolds were subsequently incubated in a
humidified atmosphere at 37 °C and 5% CO, for 0.5 h
to facilitate cell adhesion before additional 1 ml cell
culture medium was added, cells on the 2D PCL film
were immediately supplied with 1 ml macrophage cul-
ture medium. To avoid cell loss, each scaffold and also
PCL film was weighed down with a sterile plastic ring
cut from a serological pipette (Greiner BioOne,
Kremsmiinster, Austria) for the first two days of
cultivation.

Each experiment was performed at least three
times with independent primary donor material
(n=3).

3.2. Molecular methods

3.2.1. Determination of DNA amount

To determine the DNA amount that correlates with
the number of adhered macrophages, the Quant-iT™
PicoGreen” dsDNA Reagent and Kit (Thermo Fisher
Scientific, Waltham, USA) were used according to the
manufacturer’s manual employing the middle-range
standard curve. In short, macrophages were cultivated
on PCL films and scaffolds in 24-well plates in 1 ml
macrophage culture medium per well in a humidified
atmosphere at 37 °C and 5% CO,. After one and seven
days, cells were washed once with PBS™ and lyzed in
1 ml 1% Triton X-100 in PBS™ for 1 h at 4 °C. The
standards and samples were excited at 485 nm and
the fluorescence emission intensity was measured at
538 nm on a plate reader (Tecan, Minnedorf,
Switzerland).

3.2.2. Gene expression analysis

Total cellular RNA of macrophages was isolated using
PeqGold Trifast (VWR, Darmstadt, Germany) in
accordance with the manufacturer’s protocol. Cell-
laden scaffolds were placed into a fresh well to exclude
any cells having possibly adhered to the cell culture
plastic from further analysis. cDNA was generated
with the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific, Waltham, USA) accord-
ing to the manufacturer’s manual. The mRNA expres-
sion levels of macrophages were analyzed via

4



10P Publishing

Biofabrication 12 (2020) 025007

quantitative Real-Time PCR (qPCR) (StepOnePlus;
Thermo Fisher Scientific, Waltham, USA) with
SYBR™ Select Master Mix (Thermo Fisher Scientific,
Waltham, USA). Each 10 pl qPCR reaction comprised
5ngof cDNA and 200 nM primer sequences (Biomers,
Ulm, Germany) (table S1 is available online at stacks.
iop.org/BF/12/025007 /mmedia). For each c¢DNA
sample, the threshold cycle (Ct) value of each target
sequence was subtracted from the Ct value of the
house keeping mRNA RPS27a to derive ACt. Gene
expression changes were calculated by the 2724
method. A control group of macrophages, as indicated
in the figure legends, was used for normalization.

3.2.3. Cytokine quantification via Single-Analyte
ELISArray Kits

The cytokine release of spontaneously differentiated
macrophages cultivated on 2D PCL films and 3D
scaffolds was tested via Single-Analyte ELISArray Kits
(Qiagen, Hilden, Germany) after three and seven days
of cultivation. The production of IL-14, IL-8, IL-6,
and IL-10 was analyzed in samples’ supernatants
according to the manufacturer’s protocol. Thereby,
the absorbance measured on a plate reader (Tecan,
Minnedorf, Switzerland) at 450 nm and corrected
with the absorbance at the reference wavelength of 570
nm directly correlated with the amounts of cytokines.
For the normalization to cell numbers, the DNA levels
of macrophages on the corresponding scaffolds were
determined as described above and taken into
account.

3.3.Imaging

3.3.1. SEM sample preparation

For SEM preparation after seven days of cultivation,
samples were fixed with 6% glutaraldehyde for 15 min
on ice. Then samples were incubated two times with
PBS™ on ice prior to their dehydration by a graded
ethanol series (2 x 70%, 2 X 90%, 2 x 100% (v/V)).
After drying via hexamethyldisilazane, the samples
were fixed on stubs and coated as mentioned above.
For the determination of the percentage and indivi-
dual length of elongated cells, 20 random images per
donor were taken and analyzed via Image]. For this,
each cell on the random images were counted, and
subsequently, the length of cells, which were elongated
and stretched on the walls and/or across the pores
were measured using the line tool of Image]. Cells that
had a roundish, spherical morphology were counted
as ‘non-elongated’. Afterward, the percentage of
elongated cells and the average cell length on the
different scaffold types were calculated.

3.3.2. Immunofluorescence staining of cell surface
proteins

Macrophages were cultured either on the 2D PCL film
or scaffolds for seven days and fixed with 4%
formaldehyde for two hours at room temperature
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(RT). The samples were washed twice with PBS and
blocked with 2% bovine serum albumin in PBS™ for
30 min at RT. Primary antibodies against CD163
(#TA506380, OriGene, Rockville, USA; 1:100) and
CD206 (#ab64693, Abcam, Cambridge, UK; 1:400)
were applied for 2 h at RT in a humidified chamber.
Subsequently, fluorescence-labeled secondary antibo-
dies Cy"™2-conjugated AffiniPure Goat Anti-Rabbit
or Cy™3-conjugated AffiniPure Goat Anti-Mouse
(Jackson ImmunoResearch; Dianova, Hamburg, Ger-
many) were applied for 30 min at RT. Samples were
washed and mounted ‘Tmmunoselect Antifading
Mounting Medium’ with DAPI (Dianova, Hamburg,
Germany). Images were captured via fluorescence
microscopy (Axio Observer, Zeiss equipped with epi
fluorescence optics, a MRm camera and a Apotome;
Zeiss, Oberkochen, Germany). A Z-stack experiment
with 25 images per stack was performed to capture
cells throughout the scaffold. The apotome was used
to avoid scattered light. After imaging, an overlay of
the individual images of the stack was made by image].

3.3.3. Phagocytosis assay

The phagocytic activity of macrophages was analyzed
using 2 um red fluorescence-labeled latex beads
(Sigma-Aldrich, Munich, Germany). The beads were
added to the macrophage culture in a ratio of 10 beads
per seeded cell and incubated in a humidified atmos-
phere for 2 h at 37 °C and 5% CO,. Cell-laden 3D
scaffolds as well the 2D controls were washed three
times with serum-free macrophage culture medium to
remove non-phagocytosed beads.

The phagocytotic activity was analyzed via fluores-
cence microscopy by counting engulfed beads of ten
random pictures of each scaffold via image j. To
exclude beads attached to the scaffolds themselves,
cell-free scaffolds were treated in the same way and the
measured beads subtracted from them of the cell-
laden scaffolds. For normalization the DNA amount
of the macrophages was determined for each scaffold
as described above.

3.4. Statistics

Statistica (Statsoft, Hamburg, Germany) was used for
statistical analyses. The statistical significance of gPCR
data was determined by the two-sample t-test, for all
other data, two-way analysis of variance (ANOVA)
was performed. Results were considered to be signifi-
cantly different ata p value below 0.05.

4, Results

4.1. Spontaneous macrophage polarization depends
on scaffold geometry

MEW was applied to produce 3D fiber scaffolds
made of PCL. The scaffolds differed in their design,
i.e. square, triangular, roundish, and disordered
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shaped (5 layers), (d): disordered (2 layers). Scale bar = 50 ym.

Figure 1. MEW scaffolds with different geometries. (a): box-shaped (50 pum 2 x 15), (b): triangle-shaped (60 pm 3 x 10), (c): round-

geometries were produced (figure 1), which was
accompanied, to a certain extent, by different fiber
diameters.

The cultivation of monocyte-derived macro-
phages on MEW scaffolds with different geometries
for a period of seven days resulted in different cell
morphologies as detected by SEM (figures 2(a)—(d),
S2). Whereas macrophages developed an elongated
and stretched phenotype across the pores on box-
shaped scaffolds (figure 2(a)), their cultivation on tri-
angle-shaped scaffolds (figure 2(b)) led them to adapt
the scaffold morphology and to span the gap between
adjacent fibers. On round-structured scaffolds, with a
larger fiber diameter (around 18 pm) (figure 2(c)),
compared to the other geometries (3 pm), macro-
phages developed no predominantly morphology.
Some cells were flattened with complete contact of the
material-facing cell surface to individual fibers, while
others had developed a rather spherical phenotype and
some cells stretched across these roundish pores. After
cultivation on randomly structured morphologies
(figure 2(d)), macrophages grew into the individual
pores spanning several layers of the scaffold. The gene
expression profiles detected after seven days of sponta-
neous differentiation (figure 2(e)) were dependent on
the different scaffold geometries. Macrophages culti-
vated on box-shaped scaffolds showed a stronger
down-regulation of the M1 markers IL-13 and IL-8 in

parallel with the highest up-regulation of the M2 mar-
ker CD163 when compared all other geometries. Scaf-
folds with a roundish morphology provoked the
smallest M1 marker downregulation and a significant
decrease of M2-specific CD163 compared to box-
shaped and disordered pores. Macrophages cultivated
on triangle-shaped scaffold, slightly decreased the IL-8
and slightly increased the CD163 expression, com-
pared to the day one reference sample of monocytes/
macrophages (expression level set to 1). The expres-
sion of the M2 marker IL-10 was diminished over time
for all examined morphologies.

4.2. Human macrophages can adapt an elongated
morphology on box-shaped 3D scaffolds

For further experiments, box-shaped scaffolds con-
sisting of perfectly parallel and perpendicular fibers
with pores ranging from 40 to 100 ym in both, x- and
y-direction, were established (figures 3(a)—(e)). Based
on the technical feasibilities of easy scaffold handling
as well as controllable printing behavior, the optimal
stacking height of the fibers was determined for each
pore size and ranged from 20 to 60 layers (table 2). The
PCL scaffolds exhibited a high flexibility as has been
shown previously [44]. In addition, a precise stacking
behavior of the fibers upon each other was achieved
with a consistently rough surface topography of the
individual fibers (figure 3(f)).
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n = 3).*p<0.05*p < 0.01.

Figure 2. Morphology and gene expression profile of spontaneously differentiated macrophages on PCL MEW scaffolds with different
geometries. The cellular morphology of macrophages cultivated for seven days was observed via SEM on scaffolds with a box-shaped
(a), triangle-shaped (b), round-shaped (white arrowheads indicate diverse macrophage phenotypes) (c), and randomly disordered
scaffold (d) geometry, scale bar = 50 ;zm. Gene expression analysis via gPCR (e) suggested spontaneous differentiation of macrophages
on all tested scaffold geometries over time (compared to the reference sample (monocytes/macrophages at day 1 on the corresponding
scaffold type)). While both M1-markers, IL-13 and IL-8, were decreased after cultivation on the scaffolds, the M2 markers, CD163

and IL-10, rather increased, except for the roundish geometry, or experienced only a mild reduction compared to day 1. The fold
changes of gene expression are given as logarithmic values with the expression of the corresponding day 1 set to 1 (mean + SD,

SEM imaging after seven days of cultivation
showed that macrophages were able to stretch along
single fibers and bridge across pores, perpendicular as
well as parallel fibers in each scaffold in a certain
degree. (Figures 4(a)—(e)). With increasing pore size,
more roundish as well as flattened cells were observed
on the scaffold walls. Vice versa, higher numbers of
elongated macrophages with long cellular extensions

were detected on scaffolds with decreasing pore sizes.
On scaffolds with a pore size of 40 ;um more than 50%
of the cells were elongated with an average length of
about 80 ym. With increasing pore sizes, the number
of elongated cells reduced down to 20% for the fiber
distance of 100 pm. This was accompanied by an
increase of rounded as well as flattened cells being
neatly attached to the scaffold walls. The length of the
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(a)—(e)and 2 pum (f).

Figure 3. SEM images of the established, box-shaped PCL MEW scaffolds. Representative images of scaffolds with different pore sizes
((a): 100 gem, (b): 80 pim, (c): 60 pmy; (d): 50 pmy (e): 40 om) and different numbers of stacking layers in x- and y-direction ((a): 2 x 30,
(b):2 x 205(c):2 x 18;(d):2 x 15;(e):2 x 10layers) with a fiber diameter of around 3 pum ;(f) (scaffold with 60 pum pore size and a
stacking height of 2 x 18 layers) represent the highly precise stacking behavior of the fibers on top of each other. Scale bar = 150 um

elongated cells did no longer significantly decrease
from a pore size of 60 pm upwards and was main-
tained at an average of about 50 um (figures 4(f), (g)).

On all tested scaffolds, similar amounts of DNA
and thus cell numbers were determined at the exam-
ined time point, which excluded any cell density-asso-
ciated bias on our analysis (figure S3).

4.3. Pore sizes of box-shaped scaffolds directs the
spontaneous differentiation and phagocytic activity
of human macrophages
The outcome of the spontaneous differentiation of
monocyte-derived macrophages after seven days on
scaffolds with varying pore sizes of 40—100 pm as well
as on 2D PCL films was compared to macrophages
cultured for one day on the corresponding scaffold/
film type (figure 5).

Concerning the expression of the M1 markers IL-
16 and IL-8, porous scaffolds triggered a significant
downregulation compared to the 2D control. Among
the different scaffold types, no significant expression
differences were obtained. The expression of the M2
marker CD163 was significantly upregulated after cul-
tivation of macrophages on scaffolds with a pore size
0f 40-60 pm. However, the larger the pore, the smaller
was the augmentation of the CD163 gene expression,
which even turned into a decrease for pores of 80 and
100 pm. In contrast, an elevated expression of the M2
markers CD206 and CD163 on scaffolds with a pore
size 0f 40 pm and 50 pm was detected while increasing
pore sizes diminished and even reverted the effect into
a decline of gene expression for CD206 and
CD163, respectively. Macrophages on the 2D control
showed minimal up- or downregulation of the M2

macrophage differentiation markers over the time of
seven days. Albeit, when considering the corresp-
onding 2D reference sample, the IL-10 expression
of macrophages was at a similar steady state level on
40 pm scaffolds and was further reduced on scaffolds
with larger pores.

The IL-10, IL-8, IL-6, and IL-10 cytokine release
by macrophages was examined after three and seven
days of cultivation on box-shaped scaffolds with vary-
ing pore sizes and on 2D PCL films (figure 6).

On all porous scaffolds, the release of IL-1/3 had
declined after seven days. The cultivation on the 2D
films did not affect the IL-13 release over time, which
was constantly much higher than for samples derived
from box-shaped scaffolds. Similar results, comparing
2D films and porous scaffolds, were ascertained for the
release of IL-8. A significantly higher release of IL-6
was determined after three days of cultivation com-
paring the 2D control with scaffolds of 40 ym and
50 pm pore size, respectively. After seven days, macro-
phages on 40 pm scaffolds released the lowest amount
of IL-6. Interestingly of all porous scaffolds, macro-
phages on scaffolds with 60 pum pores showed the
highest release of IL-6 as well as of IL-17 after three
days. The amount of released IL-10 was significantly
higher after seven days on scaffolds with 40 ym pores
compared to all other samples. Macrophages cultured
on a 50 and 100 pum box-shaped scaffolds showed a
significant decrease compared to the third day.

After seven days on either 3D scaffolds with pores
ranging from 40 to 100 yum or on 2D PCL films as a
control, the macrophages co-expressed the M2-spe-
cific surface markers CD206 and CD163 (figure 7).
The immunofluorescence staining’s depicted that
both markers were higher expressed on scaffolds
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Figure 4. Cellular morphology and elongation behavior of macrophages after seven days of cultivation on 3D PCL MEW scaffolds.
Macrophage morphology was examined via SEM on scaffolds with pore size of 100 m (a), 80 pzm (b), 60 2m (c) 50 m (d), and 40 pzm
(e), scale bar = 100 yzm. Cell numbers and the of percentage of elongated cells (f) as wells as the lengths of elongated cells (g) were
determined via Image] (mean + SD,n = 3),*p < 0.05;™p < 0.01,™*p < 0.001.

with pores of 40—60 pm than on scaffolds with 80 and
100 pm pores. Interestingly, elongated cells showed a
more intense fluorescent staining.

The phagocytic activity of macrophages cultured
on box-shaped scaffolds with varying pore sizes was
augmented on day 1 (figure 8) when pore sizes
increased from 40 to 80 pm as detected by the corresp-
onding elevated bead uptake. Macrophage cultivation
on the smallest pores of 40 and 50 pum showed an
initial tendency on day 1 to decrease phagocytosis
compared to 2D PCL films, while larger pores
enhanced the bead uptake. Between pore sizes of 60
and 100 pm no further significant differences were
observed. After a culture period of seven days, the
number of phagocytosed beads was decreased sig-
nificantly for pore sizes of up to 80 ym compared to
2D PCL films and even the largest pore size of 100 pm
showed the same tendency. Thereby, no further

differences between the varying 3D scaffold types were
observed.

5. Discussion

Immediately after implantation, a biomaterial is
exposed to the body’s immune response, which
particularly involves the action of macrophages arriv-
ing from the blood stream at the wound. An immedi-
ate but transient inflammation is important for
healing. The transition of the polarization of macro-
phages into the regenerative, M2 type is, however,
mandatory to overcome pronounced inflammatory
response, and therefore is one of the major concerns in
the fabrication and design of new biomaterials [4].
Besides biochemical modifications with cytokines or
matrix proteins that may activate macrophage polar-
ization [20, 45], macrophages are able to differentiate
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Figure 5. Gene expression profile of spontaneously differentiated macrophages on scaffolds with varying pore sizes. Gene expression
was analyzed via qPCR. Spontaneous differentiation was observed on all tested scaffold with pores ranging from 40 to 100 ym. Gene
expression of the M1 markers, IL-13and IL-8, as wells as of the M2 markers, CD206, CD163, and IL-10, was examined. On scaffolds
with smaller pores M2 marker expression was upregulated while all 3D scaffolds led to a pronounced reduction of M1 marker
expression. (Mean + SD,n = 3)."p < 0.05;™*p < 0.01,"*p < 0.001.

spontaneously depending on mechanical cues like
stiffness, topography or 3D geometry of the biomater-
ials [23, 25, 32, 46—49]. Hence, in the present study, we
investigated the influence of different, precisely man-
ufactured scaffold morphologies, produced via MEW,
on the spontaneous differentiation of primary human
monocyte-derived macrophages. Our investigations
proved an association between pore sizes, cellular
elongation, and polarization towards the regenerative
M2 type of human macrophages.

We used the studies of Bryers et al [23] who
demonstrated that a pHEMA sphere template scaffold
with uniform and homogeneously distributed 34 ym
pores supported murine macrophage polarization
towards the M2 type, and Sussman et al [46], who
demonstrated a reduction of the foreign body reaction
by such scaffolds in a murine model of skin healing
in vivo, as basis for our scaffold design rationale. For
reproducible fabrication of such scaffolds in high
quality, we advanced the MEW technique and success-
fully generated PCL scaffolds with regular inter-
filament distances down to 40 pm. In contrast to the
cast scaffolds mentioned above that only allow for a
limited variety of pore shapes, we have also successfully

established the production of scaffolds with different
porous geometries via the precise and uniform deposi-
tion of individual PCL fibers.

Previously, polylactic acid scaffolds with trian-
gular-like, diagonal pores triggered macrophages to
polarize into an M2-like phenotype in vitro, which was
accompanied by a reduced release of pro-inflamma-
tory cytokines when compared to chitosan box-
shaped, orthogonal pore constructs [24]. These diag-
onal ordered scaffolds were, however, prepared with
conventional additive manufacturing technologies
resulting in filament diameters of 75 + 5 ym as well as
inter-filament spacings of 165 £ 5 pm. Nonetheless,
the comparison of chitosan scaffolds with diagonal
and orthogonal structures with filament diameters of
250 + 30 pm and spacings of 380 &+ 60 um and
600 + 93 pm, respectively, led to no significantly dif-
ferences. Consequently, the examination of changes in
macrophage behavior within a suitable 3D environ-
ment, excluding the effect of the material itself,
was not properly possible. In addition, it should be
considered that human macrophages, in a roundish
phenotype, can only reach a cell diameter of up to 20—
30 pm [50]. Therefore, fiber diameters could strongly
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Figure 6. Cytokine release of spontaneously differentiated macrophages. The cytokine release of IL-1(, IL-8, IL-6, and IL-10 was
measured using supernatants of macrophages cultivated on a 2D PCL film and 3D PCL MEW scaffolds with pores ranging from 40 to
100 pm. The amounts of released cytokines were normalized to the DNA content of the corresponding sample. (mean + SD, n = 3).
*p <0.05;™p < 0.01,"*p < 0.001;°p < 0.05 versus d1, same culture condition.

affect the recognition of scaffolds as 3D or 2D environ-
ment. Considering this former study, we produced PCL
scaffolds with triangle- and box-shaped morphology,
however with distinct smaller pore sizes and fiber dia-
meters. Box-shaped MEW scaffolds have already been
described in previous studies [23, 37, 39, 51]. Here, the
manufacturing procedure was improved from the per-
spective of scaffolds with significantly smaller pores,
with the previously smallest pore size described being
90 pm [39]. Furthermore, we have successfully estab-
lished the production of scaffolds with cylinder-like
pores from PCL fibers to assess the role of biomaterial
surface curvature. These scaffolds made of PCL were
limited to a larger pore (around 70 pm) and fiber
(around 18 pum) diameter. The pro-inflammatory cyto-
kine release of macrophages on cylindrical pores dimin-
ished over time, but the concurrent decrease of the
anti-inflammatory cytokine release rather hinted at an
overall non-polarized macrophage type. This is in
accordance with the presence of a broad range of differ-
ent cell morphologies on these constructs (figure 2(c)).
We assume that the flattened and the spherical cell
morphology on the round-shaped scaffolds results
from the larger fiber diameter. Thus, the comparably
small cells could be hindered to recognize the 3D topo-
graphy of the entire scaffolds. This would rather restrict
them to interact with their immediate pericellular

environment, i.e. only with the surface of a single fiber.
To allow for better comparison of our newly estab-
lished, highly ordered scaffolds with previous studies
using random scaffold geometries [52, 53], the MEW
procedure was additionally adjusted to produce ran-
domly disordered scaffolds that mimic electrospun
fiber constructs.

As concluded from our gene expression analyses,
the most promising setup for the support of sponta-
neous differentiation towards the M2 type are the box-
shaped scaffolds. Here, macrophages showed the
highest expression of the M2-specific surface marker
CD163 compared to all other scaffold types. Further-
more, both tested M1 markers (IL-13, IL-8) were
strongly downregulated to the lowest levels of all scaf-
folds. This is in accordance with the study of McWor-
ther et al (2013) and Wang et al (2016), who proved an
elongated phenotype to trigger murine macrophages
into an M2-like polarization in vitro and in vivo
[27,28].

Guided by these outcomes, we focused on the box-
shaped MEW scaffolds and to investigate the influence
of these porous scaffolds and their different pore sizes
on macrophage polarization potential. This is the first
time that MEW scaffolds with a defined low pore size
of 40 pm and excellent stacking quality resulting in
highly ordered structures have been produced. As for
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CD206
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50 um 60 um 80 um
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Figure 7. Immunofluorescent staining of the M2-characteristic surface markers CD206 and CD163. On melt-electrowritten 3D
scaffolds with varying pore sizes from 40 to 100 z2m, cultivated macrophages were stained against CD206 (green, left panel) and
CD163 (red, mid panel) after seven days of spontaneous differentiation. The overlay of both channels is shown in the right panel. For
counterstaining of the nuclei, DAPI (blue) was used. Staining with the appropriate isotype controls was negative and guaranteed the
specificity of the antibodies used (figure S3). Scale bar = 100 pim.
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**p < 0.01;"*p < 0.001.

Figure 8. Phagocytic activity of macrophages cultivated on 3D MEW scaffolds with pores ranging from 40 to 100 zzm. The phagocytic
activity of macrophages cultivated on 3D PCL MEW scaffolds for one and seven days was detected via the uptake of fluorescent beads
counted via fluorescence microscopy and normalized to the DNA content of the corresponding scaffold. After one day of cultivation
higher phagocytic activity was observed on scaffolds with pore sizes of 60—100 ;zm compared to scaffolds with smaller pores. After
seven days, a significant decrease of phagocytic activity for the cultivation on porous scaffolds was detected. (Mean £ SD,n = 3.)

all our defined pore sizes of 40, 50, 60, 80, and 100 pm,
our manufacturing procedure outperformed pre-
viously described techniques regarding the accuracy
and reproducibility of fiber deposition. In particular,
this was a prerequisite to perform the biological
experiments within this study, since it enabled the
consistent immunological evaluation of the scaffold
geometries.

As smaller pores for box-shaped scaffolds sup-
ported the stretched and elongated M2-like macro-
phage type (figure 4), we hypothesize that smaller
pore sizes, separated by walls, built of relatively thin
(2-3 pm) fibers prompt the cells to interact with the
scaffold at several sites. In addition, smaller pore sizes
appear to facilitate the formation of elongated macro-
phages, since the cells can more easily bridge the
gaps between the fibers unlike on scaffolds with 80 or
100 pm pore sizes. To the best of our knowledge,
we are the first to put pore sizes of highly ordered scaf-
folds into context with the elongation behavior of
macrophages.

M2-specific markers (CD163, CD206, and IL-10;
figures 5-7) were higher expressed and released on scaf-
folds when using smaller pores and decreased with
increasing pore size. We assume, that especially the
higher CD163 expression correlates with the higher
percentage and length of elongated macrophages which
is in good accordance with previous studies [25, 26]
using murine cells in a structured 2D environment and
hence can be transferred to the events in human pri-
mary macrophages in 3D. IL-10, a main anti-inflam-
matory cytokine [54] was released in significantly
higher amounts especially for macrophages cultured on
box-shaped scaffolds with a 40 zm pores. Furthermore,

the particularly intense staining of elongated cells for
these M2 markers indicated that this morphology
change induced by smaller pore sizes increases the dif-
ferentiation towards the M2 type. The appearance of
higher cell numbers on smaller pore scaffolds than on
larger pore size scaffolds does not seem to fit the DNA
determination results (figure S3). We assume that this
effect could be due to an inhomogeneous cell seeding.
In addition, we hypothesize that roundish cells, such as
on larger pores, do not adhere as firmly to the scaffolds
as elongated macrophages on smaller pores, and thus,
this leads to cell loss through the extensive washing
steps required for immunostaining.

As the gene expression of the tested M1 markers
(IL-10, IL-8) was strongly downregulated on all square
porous scaffolds with significant differences to the 2D
control, which showed a slighter decrease, this suggest
an anti-inflammatory differentiation effect of porous
MEW scaffolds over the time period of seven days.
Additionally, the 2D PCL control showed a larger
potential for stimulating the release of pro-inflamma-
tory cytokines over the whole culture period, which is
in accordance to previous studies, where flat films led
to an increased formation of fibrous capsules [32], or
an enhanced pro-inflammatory outcome [52] com-
pared to porous 3D electrospun fiber scaffolds. More-
over, based on the decreased release of IL-6 and IL-8
on scaffolds with 40 and 50 pm pores on day three, we
assume that scaffolds with smaller pores amplify the
anti-inflammatory response.

The phagocytosis of pathogens, but also of foreign
bodies is a main task of macrophages. In literature it is
controversially discussed, whether the phagocytic
activity is induced by the M1 [55]- or the M2 type
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[56, 57] of macrophages. However, these studies were
conducted in a conventional 2D culture and a transfer
of this knowledge to 3D culture setups is hardly possi-
ble. One study described previously an increased pha-
gocytic activity of M1-induced macrophages in a 3D
nano-scaffold based on collagen and chitosan [58] that
correlates slightly with our findings. With a decrease
of pore size and especially on scaffolds with 40 and
50 pm, the initial phagocytotic activity was sig-
nificantly lower compared to scaffolds with larger
pores (figure 8). Based on our results of a lower initial
pro-inflammatory response on scaffolds with smaller
pores we assume, that this also led to a decreased pha-
gocytic activity at day one. Therefore, we would set an
increased phagocytosis in context with a rather pro-
inflammatory response. Moreover, concordantly with
the reduced pro-inflammatory cytokine release, less
phagocytic activity appeared on the 3D scaffolds, com-
pared to the 2D control, after seven days, which fur-
ther highlighted the benefits of porous scaffolds.

Our findings suggest that porous scaffolds with a
pore size of 40 pum are beneficial for enhancing both
the elongation and the polarization of human macro-
phages towards the M2 type. However, an absolute
guarantee that this can be translated to in vivo can not
be given. Previous studies evaluated the in vivo and
in vitro comparison of different tissue engineering
aspects [59, 60], partly, with a poor outcome. None-
theless, the in wvitro assessment of the immune
response is important and can minimize the risk of
patients [61]. Moreover, studies have already shown
that the macrophage response investigated in vitro
could also be transferred to in vivo processes [28, 59].
Therefore, we are convinced that our findings can
improve the design of new biomaterials and have the
potential to be transferable to in vivo processes.

6. Conclusion

In this study, we demonstrate that fiber scaffolds with
precisely controlled pore sizes between 40 and 100 ym
lead to elongation of adherent primary human macro-
phages, accompanied by a polarization towards the
M2 type. This effect was most pronounced for the
smallest pores of 40 ym. The down-regulation of pro-
inflammatory markers and the concomitant up-reg-
ulation of anti-inflammatory factors as well as the cell
elongation were thereby increased with decreasing
pore size. We thus show that the so far not achieved
elongation driven polarization of human macrophages
towards a regenerative macrophage type can be
obtained by 3D scaffolds, provided that the scaffolds
geometry can be controlled precisely in cellular
dimensions. These findings open a perspective to
generate immunomodulatory pro-healing scaffolds
solely through structural control. Hence, the overall
aim should be to induce macrophages elongation and
thereby enhance the polarization towards the M2 type.

T Tylek et al

This strategy can be applied for future biomaterial
designs to improve tissue regeneration and wound
healing, especially for biomaterial membranes and as
scaffolds for thin tissues.
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