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In situ tissue engineering is a technology in which non-cellular dinaterial scaffolds
are implanted in order to induce local regeneration of repteed or damaged tissues.
Degradable synthetic electrospun scaffolds are a versatil and promising class of
biomaterials for variousin situ tissue engineering applications, such as cardiovascular
replacements. Functionalin situ tissue regeneration depends on the balance between
endogenous neo-tissue formation and scaffold degradation Both these processes
are driven by macrophages. Upon invasion into a scaffold, nmaophages secrete
reactive oxygen species (ROS) and hydrolytic enzymes, caitbuting to oxidative and
enzymatic biomaterial degradation, respectively. This gtly aims to elucidate the effect
of scaffold microarchitecture, i.e.,mm-range ber diameter and ber alignment, on
early macrophage-driven scaffold degradation. Electroggn poly-+caprolactone-bisurea
(PCL-BU) scaffolds with either 2 or 8nm (@) isotropic or anisotropic bers were seeded
with THP-1 derived human macrophages and culturedn vitrofor 4 or 8 days. Our results
revealed that macroph age-induced oxidative degradatiomi particular was dependent
on scaffold microarchitecture, with the highest level of RS-induced lipid peroxidation,
NADPH oxidase gene expression and degradation in the 8m @ anisotropic group.
Whereas, biochemically polarized macrophages demonstrate a phenotype-specic
degradative potential, the observed differences in macrdpage degradative potential
instigated by the scaffold microarchitecture could not be #ributed to either distinct
M1 or M2 polarization. This suggests that the scaffold micrarchitecture uniquely
affects macrophage-driven degradation. These ndings empasize the importance of
considering the scaffold microarchitecture in the design bscaffolds for in situ tissue
engineering applications and the tailoring of degradatiokinetics thereof.

Keywords: in situ tissue engineering, enzymatic degradation, oxidative degr adation, reactive oxygen species,
electrospinning, macrophage polarization, immunomodulation , foreign body response
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INTRODUCTION in macrophage polarization state are unclear, they may bescus
by modulation of cellular morphology. Induction of a more
The use of electrospun degradable synthetic sca olds is beingongated spindle-shaped morphology using 2D micropatterned
explored for the repair or replacement of various load-bearingubstratesin vitro was proposed to stimulate alternative
tissues (e.g., heart valve replacement, pelvic oor recan8on;  macrophage polarization (M2a) following a distinct actin-
Kluin et al., 2017; Hympanova et al., 2)18uch sca olds are related pathway, independent of the biochemical environment
designed with the aim to induce endogenous regeneration qficwhorter et al., 201)3 Correspondingly, ber alignment was
the replaced tissue, directly in its functional site, a prsc@so  shown to minimize the host response, enhancing sca old-gssu

known asin situ tissue engineering. Key to the success of thigntegration while minimizing brous capsule formatiom vivo
approach is the modulation of the sca old-induced immune (Cao et al., 2010

response and the utilization of the host regenerative potnti  To date, little e ort has been undertaken in unraveling

It is hypothesized that shortly after implantation the sca old the in uence of scaold microarchitecture on macrophage-
triggers a phased wound healing process, which consists of tigiven degradation and, importantly, in the possible relaghip
early in ltration of immune cells followed by the attractio petween macrophage specic phenotypes and their capability
of tissue producing cells, the secretion of extracellularrinat to degrade synthetic scaolds. Therefore, our goal was to
(ECM) components, and, ultimately, the regeneration of &|ucidate the in uence of sca old microarchitecture (i.eber
functional, organized native-like tissuV(ssing et al., 207  diameter in the nm range and ber alignment) on early
Importantly, over time, the sca old should degrade in order to macrophage-driven enzymatic and oxidative degradationtiiup
avoid chronic in ammation and scar tissue formation. Thesof g days). We hypothesized that isotropic sca olds with a smaller
structural integrity and mechanical properties occurringritg ber diameter would promote pro-in ammatory macrophage
degradation should be promptly compensated for by the presengg|arization, and consequently, stimulate the production of
of neW'y formed tissue. Therefore, the degradation kirsadicthe hydr0|yt|c enzymes and ROS, thereby Signi Canﬂy accelﬂg‘;\ti
implanted electrospun biomaterials represent a critical patm sca old degradation. This hypothesis was tested by direct
for successfuh situtissue engineering. seeding of THP-1 derived human macrophages onto electrospun
Even though the exact mechanism behind degradation ofca olds with two dierent ber diameters (i.e., ber @ of
synthetic materialsn vivo remains poorly understood, various 2 and 6mm) and alignments (isotropic or anisotropic). To
groups have linked it to the immune cells inltrating the relate possible di erences in macrophage degradative behavior
scaolds and, particularly, to phagocytes, e.g., neutrophilg a to sca old-induced macrophage polarization, we investigatex
macrophagesAnderson et al., 2008; Generali etal., 20Upon  polarization pro les of the macrophages cultured on the di eten
biomaterial implantation, phagocytes adhere to the scaoldsca old microarchitectures, and compared the phenotypical
and synthesize large amounts of degradative products, suglio les to those macrophages seeded imr8 isotropic sca olds
as hydrolytic enzymes, like lysosomal acid lipase (LIPA) anglith the exogenous addition of cytokines to induce polaiiaat
cholesterol esterase, and/or reactive oxygen species (ROS)nto the M1, M2a, and M2c macrophage phenotypes.
process mediated by the nicotinamide adenine dinucleotise For this study, we have selected bis-urea-modied paly-
phosphate (NADPH) oxidase-2 compleRgstorino et al., 2004; caprolactone (PCL-BU) as the sca old materialigse et al.,
McBane et al., 2007; Brown and Griendling, 2009; Martins.et a200§. The bis-urea units in this synthetic biomaterial interac
2009; Peng etal., 2010; Brugmans et al., Ptile neutrophils  supramolecularly through hydrogen bonds, giving rise to its
govern the initial acute in ammatory response, macrophagegene cial elastomeric properties. In general, supramolecula
quickly become the predominant cell type and remain present afiomaterials show a relative ease of processing and provide
the biomaterial interface until the degradation processialized  the possibility to nely tune the morphological, chemical, and
(Anderson, 1993; Labow et al., 20R1la the presence of large thereby, degradation propertieS¢uten et al., 2011; Brugmans
scaold remnants, macrophages tend to fuse to form foreigret al., 2015; van Almen et al., 201Accordingly, these materials
body giant cells (FBGCs) and undertake frustrated phagstyto are being tested with regard o situ tissue engineering for
Ultimately, FBGCs release large quantities of ROS, degvadaticardiovascular applicationgviylaert et al., 2015; van Almen
enzymes and acids in the ultimate attempt to break down thet a)., 2016; Bockeria et al., 2017; Kluin et al., 2017; Bknni
sca old (Anderson et al., 2008 et al., 2018 PCL-BU sca olds, speci cally, have been tested as
Previously, it was shown that scaold microarchitectureyascular grafts, revealing relatively rapid degradatiowe#tsin
profoundly in uences macrophage adhesion, in ltration and vivo (Duijvelsho et al., 201} Acceleratedn vitro degradation
di erentiation into the classical pro-inammatory phenotype studies have shown that PCL-BU is susceptible to oxidative
(M1) and the alternative pro-regenerative phenotypes (e.gdegradation and, to a lesser extent, to enzymatic degramati

M2a and M2c;Balguid et al., 2009; Kurpinski et al., 2010jresulting in ber cleavage and surface erosion of the etegun
Saino et al., 2011; Garg et al, 2013; McWhorter et alsca old bers (Brugmans etal., 20)5

2013, 2015; Wang et al., 2014; Wissing et al., RObre

speci cally, increasing ber diameter in them range positively

correlated with the expression of M2 markers vitro (Garg MATERIALS AND METHODS
et al,, 2013; Wang et al., 20l4nd improved regenerative Experimental Outline

outcomesin vivo (Wang et al., 2014 Although the exact Figure 1 displays a schematic overview of the experimental
mechanisms behind such microarchitecture-induced varie®  setup and the corresponding analyses. To study the e ect
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of scaold microarchitecture on macrophage-driven earlywherers is the average radius of the bdr,is the ber length,Vs
sca old degradation and macrophage phenotype, THP-1 derivet the volume of the sca oldVisis the mass of the sca old and;
human macrophages were seeded onto sca olds with varyinig the density of the material.
microarchitectures. After 4 and 8 days, the cell-seedeadlsisa The mechanical properties of each mesh were characterized
and the supernatant were collected for analysis. To test thete eusing a biaxial tensile tester (CellScale Biomaterial ifi@st
of biochemically induced macrophage polarization on the ceWaterloo, Canada) equipped with a 5N load cell. From each
phenotype and degradative pro le, macrophages were culturegiesh, 5 5 mm? samples were cut and aligned along the
in 2D cell culture plates or 3D sca olds (6n @, isotropic), and actuator directions (D parallel to electrospinning direction; y
supplemented with cytokines to induce macrophage polarizatio® perpendicular to electrospinning direction). After mounting
into the M1, M2a, and M2c subtypes. Samples and supernatagtaphite particles were sprayed on the sample's surface forabptic
were collected at day 4 (2D) or day 4 and 8 (3D) for analysis. strain analysis. The samples were then equibiaxially streteched
to 20% strain at a 100%/min strain rate. Sca old thicknesses we
Scaffold Preparation and Sterilization optically measured at 10 locations using bright eld microsgo
PCL-BU was supplied by SyMO-Chem (Eindhoven, thdKeyence VHX-500FE). All tests were performed at room
Netherlands) and processed into electrospun brous sca oldéemperature in dry conditions. Cauchy stress-stretch camwere
with dierent ber diameters and orientations in a climate obtained based on the force and displacements measurements.
controlled electrospinning cabinet (EC-CLI, IME Technolegi
Geldrop, the Netherlands). The brous meshes were producegg|| Expansion

from polymer solutions containing either 10% (w/w) or 15%The human monocytic cell line THP1 (Sigma Aldrich,
(w/w) of PCL-BU in chloroform (CHGH; amylene-stabilized, |ot# 16K052) was thawed and expanded in Roswell Park
Sigma Aldrich, 372978). Solutions were dispensed through @emorial Institute (RPMI) 1640 medium (A10491-0, Gibco),
charged nozzle and collected on a rotating cylindrical mahd gypplemented with fetal bovine serum (10% viv; FBS, Bovogen)
(@ 35mm) while keeping temperature (25) and relative ang penicillin/streptomycin (1% viv; P/S, Lonza, Basel,
humidity (30%) constant. The various microarchitecturesave gyitzerland, DE17-602E) (full medium) in a standard ceftuna
produced according to the settings @able 1 After removal jncupator. Medium was replenished every 2-3 days to maintain

from the mandrel, sca olds were placed under vacuum overnighte| densities between 0.5-1.01F cells/ml of medium. Cells
to remove solvent remnants. From the rectangular (1010 \yere seeded at passage 14.

cm?) meshes with various microarchitectures, @ 8 mm circular
sca olds were punched (biopsy punch, Kai Medical, Japan) .

placed in 10 mL of sterile Phosphate Bu ered Saline (PBS, Sigrr%e" Seeding and . L

Aldrich, P4417) and centrifuged for 10 min at 4,500 rpm to wasiMlonocyte-to-Macrophage Differentiation

and increase hydrophilicity. Both sides of the sca olds werd®unched scaolds were clamped between a custom-made

sterilized via exposure to UV light for 15 min. polyether ether ketone (PEEK) ring and a membrane-free Trans
well insert (Corning, Sigma Aldrich, CLS3472), and UV sieeil

Scaffold Microarchitecture and Mechanical (20 min/sca old side). Scaolds were incubated overnight in

Properties RPMI medium supplemented with 10% FBS and 1% P/S to

allow for protein adsorption. Prior to cell seeding, medium

Scaold microarchitectures were visualized with scanninqNaS removed and 3061 of cell suspension containing 3
electron microscopy (SEM, Quanta 600F; Thermo Fisher P 9

Hillsboro, OR) to assess ber morphology, diameter, a”dé(iﬁrﬁg”iﬂﬂghsopngllrgn; p\?vc;rsboli ﬁjtggrfr:a:g 12;6‘;22?68((;'\3@’
distribution. Average ber diameter, pore areami?) and 9 ' ) pIp P ’

. . . Cell-seeded sca olds were centrifuged at 150 g (10 min a€p1
geometry (average width/height ratio) per group Ve promote cell in ltration, and subsequently transferred t

determined manually by 30 individual measurements ott a
. S new 24-well cell culture plates (Corning Costar, CLS3738)
randomly chosen bers/pores in three representative 'magesontaining PMA enriched medium (50 ng/ml). The well-plates

er mesh using the Image J software (U.S. National Institutes 8 . .
ﬂealth Bethes%a MD SSA). Fiber dis(tribution and oriersa o © incubated for 2 days to stimulate monocyte-to-macrgha

. . . - Odi erentiation. For the 2D control cultures, monocytes were
were guantied via custom Matlab scripts, as describe seeded at a density of 1.510°/cm? in polystyrene 6-well cell
elsewhere an Haaften et al., 20).8The surface to volume y . polysty

; . . - culture plates (Greiner Bio-one, 657160) and stimulatechwit
rze(t)t:)osyvas calculated using the following equatioBsiand et al, PMA enriched medium (50 ng/ml) for 2 days. After 2 days, the

PMA-enriched medium was removed and replaced with RPMI
medium supplemented with 10% FBS and 1% P/S for 24ih(

surface to volume ratioD 2 ik et al., 201) Macrophages were kept in culture for an additional
I?/I/z 4 (2D and 3D) or 8 (3D) days and medium was replenished every
LD — 2 days. Culture media (day 4 and 8) were collected, centrifuge
s Tt (300 G, 5min, 4C) and the supernatants were stored &80 C
Vs D Ms until further use. At sacri ce, samples (in 2D and 3D) were

s either washed in sterile PBS (2 times 55s) and directly ardlyz
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®© /N - Day 4 Day 8
2 um fiber @ 6 um fiber & scaffolds/cells: < DNA 4 v
o _ * Enzyme activity (cell lysate) v 4
I % + Oxidative stress (MDA) v v
£ « Scaffold degradation (SEM) 4 4
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+ » * Gene expression (QPCR) 4 4
v 4
v
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O (M0) ®© oy + Oxidative stress (MDA) 4
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isotropic |

FIGURE 1 | Schematic representation of the experimental outline andralyses. THP-1 derived macrophages were exposed to eithercaffold microstructural stimuli
(1) or biochemical stimuli(ll) and analyzed for their degradation pro le and phenotype. RPN Roswell Park Memorial Institute; 1640 medium; LPS, lipoppéaccharide;
IFN-g, interferon gamma; IL, interleukin; MDA, malondialdehyd&EM, scanning electron microscopy; IHC, immunohistochemisy; ELISA, enzyme-linked
immunosorbent assay; gPCR, quantitative polymerase chaireaction.

TABLE 1 | Electrospinning settings for the different scaffold micrarchitectures.

Fiber @ [ mm] Alignment Flow rate [ mL] Nozzle-to-mandrel [cm] Nozzle voltage [kV] Mandrel voltage [k V] Rotation speed [rpm]

2 Isotropic 10 24 20 2 100
Anisotropic 10 24 20 2 1,600

6 Isotropic 40 16 20 1 100
Anisotropic 40 16 20 1 2,300

or snap frozen in liquid nitrogen and stored at80 C until (Mosser and Edwards, 2009; Sica and Mantovani, Y012

further analysis. Particularly, the pro-in ammatory M1 group was exposed to
medium supplemented with 100 ng/mL of lipopolysaccharide
Macrophage Polarization (LPS, Sigma Aldrich, L2880) and 20 ng/mL interferon gamma

As control groups, cells in 2D (seeded on tissue cultur¢lFNg, Peprotech, 300-02f¢€aring and Van Dyke, 20).4The
treated polystyrene) and 3D (isotropicn®n ber diameter other two groups received either 20 ng/mL interleukin-4 (IL-
PCL-BU sca olds) were biochemically stimulated toward the4, Peprotech, 200-04) and interleukin-13 (IL-13, Peprotech,
three di erent lineages of the macrophage spectrum, namel200-13) or 50 ng/mL interleukin-10 (IL-10, Peprotech, 2@)-1
the pro-in ammatory M1 macrophages, the anti-in ammatory to induce M2a or M2c polarization, respectivelyAnfjbarus
M2a macrophages, and the regulatory M2c macrophages al., 2012; Freytes et al., 2D1€ytokine-enriched media
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were refreshed every 2 days and, at day 4 or day 8, collectpllPB solution [3.55mL pNPB in 5.0 ml of acetonitrile (Sigma
and stored at 80 C until further analysis. Samples were Aldrich, 271004)]. UV absorbance at 37 was determined every
sacri ced as described in section Cell Seeding and Monotmyte- 5 min via a microplate reader (Synergy HTX multimode-reader,

Macrophage Di erentiation. Biotek). A dilution series of cholesterol esterase (Sigriaaich,
C3766) in full RPMI medium or 0.05% Triton-X solution (Merck,
Analyses 1.08603.100) were included as positive controls. Full RPMI

Each scaold was divided into four equal quarters of whichmedium and 0.05% Triton-X solution were used as negative
one quarter was used for DNA quantication, scanning controls. All samples were measured in duplicate. Enzymatic
electron microscopy (SEM) evaluation or immunostainingse Th activity was expressed in units (1 urt 1 nmol pNP released
other three quarters were used either for enzymatic agtivitfrom pNPB per minute at 37C) and corrected for the amount of
determination, oxidative stress quanti cation or RNA exttmn.  DNA measured for each experimental condition.

Supernatants were collected and used for enzyme activity and

protein secretion determination (ELISA). Oxidative Stress Quanti cation
The level of malondialdehyde (MDA), a by-product of oxidative
DNA Quanti cation stress induced lipid peroxidation (MDA assay kit, Sigma Aldyic

For DNA quanti cation, sca old quarters l  8/group/time  MAKO85) was quanti ed per well (2D) and on three-quarters of
point) were disrupted with a microdismembrator (Sartorius,the scaold (N D 6/group/time point) as an indirect measure
Goettingen, Germany) 2 times for 30s at 3,000 rpm, usingor ROS production and oxidative damage. Three hundred
@ 3mm beads (Sartorius, Goettingen, Germany) in Nalgengicroliter of MDA assay specic lysis buer was added to
cryogenic vials (Thermo Scienti ¢, 5000-0012). After djstion, the wells (2D) or to the disrupted scaolds. After 5min
500mL of papain-enriched digestion bu er (100 mM phosphate of incubation on ice, lysis buers were transferred to new
bu er (pH D 6.5), 5mM L-cysteine (C-1276), 5 mM ethylene-di- Eppendorf tubes and centrifuged for 10 min at 11.000 rpm
amine-tetra-acetic acid (EDTA, ED2SS), and Mpof papain to remove insoluble material. Two hundred microliter of the
(P4762) per mL, all from Sigma Aldrich) was added, mixedsupernatant was mixed with 6@a_ of thiobarbituric acid (TBA)
transferred to a new Eppendorf tube and incubated at@€r to form a uorometric product, which is proportional to the
16 hrs for digestion. MDA amount. Fluorometric products were quanti ed using
For the 2D cell culture samples D 9/group/time point), 400 a microplate reader (Synergy HTX multimode-reader, Biotek)
mL/well of ultra-pure HO was added to facilitate cell scraping.with an excitation/emission wavelength of 532/553 nm. Alles
Cells were scraped on ice and the cell solution was transféore were normalized for DNA content.
a new Eppendorf tube, snap frozen in liquid nitrogen and stored
at 80 C until further analysis. Prior to digestion, samples weréGene Expression: gPCR
thawed, supplemented with 50€L of papain digestion buer Snap frozen sca oldsN  6/group / time point) were disrupted
and incubated at 6CC for 16 hrs. as described in the paragraph DNA Quanti cation and lysed
After digestion, samples were vortexed and centrifugeth RLT bu er containing b-mercaptoethanol (Sigma Aldrich,
at 12,000 rpm for 10min. The supernatant was used3148). 2D cell cultured\ D 6/group/time point) were directly
for DNA quanti cation using a Qubit dsDNA BR assay lysed in the well-plates on ice. A Qiagen RNeasy kit was used
kit (Life Technologies, Carlsbad, California, USA) and &or RNA isolation according to supplier instructions and a
Qubit uorometer (Life Technologies) according to the DNAse incubation step (Qiagen, 74106) of 30 min was included

manufacturer's protocol. to remove genomic DNA contamination. A spectrophotometer
(NanoDrop, ND-1000, Isogen Life Science, The Netherlands)
Enzymatic Activity Quanti cation was used to determine RNA quantity and purity. RNA integrity

The supernatant and cell lysate from the 2D and 3D cellwas checked via gel electrophoresis. cDNA was synthesized
cultures collected at day 4 and 8 were assayed for enzymé@acti starting from 100 or 200 ng of RNA in a 26L reaction

(N 4/group/time point) via enzyme, predominantly esterasesolution that consisted of RNAse-free ultra-pure water (d@H,
induced p-nitrophenyl butyrate (pNPB, Sigma Aldridd9876) 1 mL of random primers (50 ngfl, Promega, C1181), L of

to yellow p-nitrophenol (pNP) conversion, which was measurediNTPs (10 mM, Invitrogen), 4rL of 5x rst strand buer, 2

by UV absorbance at 405 nnivipore et al., 1996; Labow et al., mL of 0.1 M DTT and 1mL of M-MLV Reverse Transcriptase
20013. To obtain the cell lysate, three-quarters of the sca old(RT) (200 UM, Invitrogen, 28025-013, Breda, the Netherlands).
were disrupted as described in section DNA Quanti cationdan cDNA synthesis was performed in a thermal cycler (C1000
resuspended in 1 mL of Triton-X solution (0.05% in PBS). Thelouch, Bio-Rad) via the following cycle: &5 (5min), on ice
solution was transferred to a new Eppendorf tube, snap froze(2 min) while adding the enzyme mixture, 32 (2min), 25C

in liquid nitrogen and stored at 80 C until further analysis. (1 min), 37 C (50 min), and 70C (15 min). Absence of genomic
Before analysis, supernatant and lysate samples were thawedntamination was investigated using conventional PCR with
vortexed and centrifuged at 12,000 rpm, for 5 min. One hundredjlyceraldehydes-3-phosphate dehydrogenase (GAPDH) primers,
fty microliter of the supernatant or cell lysate was addedao and gel electrophoresis. gPCR was performed using the primer
96-well plate (Greiner bio-one, 655101) together with 10  sequences listed fables 24, andSupplementary Table SIThe

of Tris bu er (1 M, 7.5 pH, Merck, 1.08382.0500) and D of  selected primers are coding for proteins related to cell phepmty
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tissue deposition, remodeling and cell fusidrable 3. GAPDH and stored in PBS at € until use. Whole-mount stainings
and CYC-1 were selected as reference genes. Gene expressiornwere performed to visualize the actin cytoskeleton and the
determined by adding 1,000 nM primer mix (GAPDH,CYC-1, nuclei of PMA stimulated THP-1 cells cultured up to day 8
MMP-9) or 500 nM primer mix (others primers), & of SYBR on sca olds with di erent microarchitectures. Formaldehyde
Green Supermix (Bio-Rad, 170-8886) and an additional 1.5 oxed samples were washed in PBS and permeabilized in 0.5%
1.75m of ddH»0 to all the cDNA samples (3 of diluted Triton X-100 in PBS (Merck Serono) on a shaker. For F-actin
cDNA). Real-time PCR (CFX384, Bio-rad) was performed viataining, samples were incubated with 1:200 Phalloidin Atto-
the following thermal protocol: 9% for 3min, a cycle of each 488 (Molecular Probes) in PBS overnight aC4 Sca olds were

95 C for 20, 60C for 20s, and 7 for 30s repeated 40 rinsed in PBS and stained wittf,8-diamidino-2-phenylindole
times, 95C for 1 min, 65C for 1min and nally a melting (DAPI, Sigma Aldrich) for 5 min. After washing steps, the stain
curve measurement.;@alues were normalized for the referenceconstructs were directly visualized with a confocal lasansing
genes and relative expression levels were calculated via tmécroscope (Zeiss LSM 510 META, Zeiss). To determine overall

2 1Ctformula. cellular in ltration, sca olds were embedded in optimal cutt
temperature compound (Tissue-T&K), cut in cross-sections
Protein Secretion: Multiplex ELISA (10mm cryosections) and mounted on Polysine-coated glass

The protein secretion levels were quantied in the pooledslides (Thermo Fisher). Slides were washed in Milli-Q, sdin
supernatants at day 8 (from the 3D microarchitecture samplewith Weigert's iron hematoxylin (5 min, Sigma Aldrich), weed
only; N D 3/group) at the Multiplex core facility of the in running tap water (5min) and visualized with bright- eld
Laboratory for Translational Immunology of the University microscopy. The average percentage of cellular in ltration was
Medical Centre Utrecht, the Netherlands, using a multiplexdetermined by 6 individual measurements per representative
immunoassay based on Luminex technology. Briey, sampleisnage (N D 3 images/sca old type) using Image J software (U.S.
were incubated for 1h with antibody-conjugated MagPlexNational Institutes of Health, Bethesda, MD, USA). The averag
microspheres (BiorRad, Hercules, CA), followed by 1 h exposuiie ltration depths were used to calculate the average berface

to biotinylated antibodies and subsequent 10 min incub@tio areas that were e ectively exposed to the cells.

with phycoerythrin-conjugated streptavidin diluted in high o )

performance ELISA (HPE) bu er (Sanquin). Data acquisitionStatistical Analysis

was executed using a FLEXMAP 3D system controlled witMDA and enzymatic activity data are presented as Tukey
xPONENT 4.1 software (Luminex, Austin, TX). Data washoxplots, visualizing the median, the distribution of the aat
analyzed tting a 5-parametric curve with Bio-Plex Managerand statistical outliers (indicated as dots). DNA, ELISAdan
software (version 6.1.1, Biorad). A panel of proteins related qPCR data are expressed as meansstandard deviation.
macrophage polarization, ECM breakdown and remodeling andPCR data were logarithmically transformed before statsti
tissue deposition was analyzethble 3. The obtained secretion analyses. One-way ANOVA with Bonferropost-hodest or a
levels were corrected for the amount of DNA measured peKruskal-Wallis test with a Dunn's multiple comparison test were

experimental condition. performed for normally distributed or not normally distributed
data, respectively. Statistical analysis was performed wigimP

Cellular Morphology and Scaffold Degradation: software (GraphPad, La Jolla, CA, USA), and di erences were

Scanning Electron Microscopy considered signi cant fop < 0.05., ,  denote signi cant

The 3D samples sacri ced at day 4 and day 8 were xed in 2.5%i erences forp < 0.05, 0.01, and 0.001, respectively.
glutaraldehyde grade | (Sigma Aldrich, G5882), rinsed IS8

5min), and stored in PBS at € until use. Prior to analysis, RESULTS
sca olds were dehydrated in an ordered ethanol (EtOH) series . Lo
(from 50 to 100% EtOH) and placed in vacuum to let the EtoHP CL-BU Scaffolds With Distinct
evaporate. Samples were visualized with SEM in low vacuuVlicroarchitectures
using an electron beam of 10 kV (Quanta 600F; Thermo FisheFour types of electrospun sca olds with comparable thickness,
Hillsboro, OR). After SEM analysis, sca olds were decellatadi but di erent ber diameter (average ber @ of 2 or 6nm),
with 4.6% natrium hypochlorite for 15 min at room temperature. alignment (isotropic vs. anisotropic) and surface-to-volume
Samples were washed twice in water and analyzed via SHistios were created Téble 4 Figure 2A). Quanti cation of
again to determine sca old degradation. Images were take at ber orientation con rmed either an isotropic or anisotropic
di erent locations/sample (3 magni cations/location, i.400X,  ber orientation. Particularly, for the anisotropic sca ofg the
500X, and 1500X). Fiber cleavage and ber erosion were dcorenajority of the bers were oriented in the circumferential
for each image (as absent, low, moderate, or severe) by twdirection of the electrospinning mandrel, while the isotropic

researchers independently (se@pplementary Figure S|L sca olds exhibited almost equal distributions in all diremts
(Figure 2B). The 6mm ber @ sca olds contained larger pore

Cellular In ltration and Actin Cytoskeleton: Stainings sizes in comparison to the @n ber @ scaolds (Table 4).

and Microscopy Moreover, as a result of ber directionality, the anisotropic

Scaolds sacriced at day 4 and day 8 were xed in 3.7%sca olds exhibited more elongated pore geometries as in€icat
paraformaldehyde (Merck), rinsed in PBS (3 x for 5min)by the larger width-to-height ratiosTable 4.
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TABLE 2 | Primers for gene expression analysis.

Primer Symbol Accession number Primer sequence (5 0—30)
Monocyte chemoattractant protein 1 MCP1 NM_002982 FW: CAGCAGATGCAATCAATGCC

RV: TGGAATCCTGAACCCACTTCT
Cluster of differentiation 68 CD68 NM_001040059.1 FW: CTACTGGCAGAGAGCACTGG

RV: CCGCCATGTAGCTCAGGTAG
Chemokine (C-C motif) receptor 7 CCR7 NM_001838 FW: AAGCCTGTTCCTCCCTATC

RV: ATGGTCTTGAGCCTCTTGAAATA
Tumor necrosis factor alpha TNF NM_000594 FW: GAGGCCAAGCCCTGGTATG

RV: CGGGCCGATTGATCTCAGC
Interleukin 6 IL6 NM_000600 FW: ACTCACCTCTTCAGAACGAATTG

RV: GTCGAGGATGTACCGAATTTGT
Cluster of differentiation 200 cell surface glycoproteireceptor CD200R1 NM_170780 FW: GAGCAATGGCACAGTGACTGTT

RV: GTGGCAGGTCACGGTAGACA
Mannose receptor c, type 1 CD206 (MRC-1) NM_002438 FW: TGGGTTCCTCTCTGGTTTCC

RV: CAACATTTCTGAACAATCCTATCCA
Cluster of differentiation 163 CD163 NM_004244 FW:CACTATGAAGAAGCCAAAATTACCT

RV: AGAGAGAAGTCCGAATCACAGA
Interleukin 10 IL10 NM_000572 FW: GACTTTAAGGGTTACCTGGGTTG

RV: TCACATGCGCCTTGATGTCTG
Transforming growth factor, beta 1 TGFB1 NM_000660 FW: GCABAATTCCTGGCGATACCTC

RV: AGTTCTTCTCCGTGGAGCTGAAG
Matrix metalloproteinase 9 MMP9 NM_004994 FW: TGGGGGGCAACTCGGC

RV: GGAATGATCTAAGCCCAG
Nicotinamide adenine dinucleotide phosphate-oxidase 2 N®2 NM_000397.3 FW: AACTGGGCTGTGAATGAGGG

RV: GCCAGTGCTGACCCAAGAA
Nuclear factor kappa-light-chain-enhancer of activated Rells NFB NM_001165412 FW: AGACCAAGGAGATGGACCTCA

RV: GCATTGGGGGCTTTACTGTC
Lipase A or cholesterol ester hydrolase LIPA NM_001288979.1 FW: TCCTGCTGGAACTTCTGTGC

RV: ACTGCTTCCCCAGTCAAAGG
Cluster of differentiation 44 CD44 NM_000610.3 FW: TCAGCAAGAATTTGATCGTTCCAG

RV: TTAGAAGCCATCCATAGCACACC
Cluster of differentiation 47 CD47 NM_001777.3 FW: TGCATGGCCCTCTTCTGATT

RV: AGGGGTTCCTCTACAGCTT
Signal regulatory protein alpha SIRPA NM_001040022.1 FW: TCAAATACCGCCGCTGAGAA

RV: TGTGATATCATTTGTGTCCTGTGT
Purinergic receptor P2X 7 P2RX7 NM_002562.5 FW: ACAGTGTCTTTGACACCGCA

RV: CCAGGCAGAGACTTCACAGG

Biaxial tensile testing revealed that sca olds with anigpic ~ ber diameter and orientation Figure 3A). Visualization of the
bers displayed an anisotropic mechanical behavior with dkig  actin cytoskeleton revealed cellular alignment in the anigmc
sti ness in the direction circumferential to the electrosping  oriented 2mtm @ sca olds, and, to a lower extent, in then®n
mandrel compared to the axial direction, as shown by the Cguchd anisotropic sca olds. All isotropic sca olds, regardless loé t

stress-stretch curvegigure 20). ber diameter, exhibited randomly oriented cell&igure 3B).
Cells in ltrated deeper into the 6m ber @ sca olds (122

Microarchitecture Induces Minor Variance 17mm isotropic vs. 91 8mm anisotropic) in comparison to the

in Macrophage Morphology 2mm ber @ scaolds (49 21mm isotropic vs. 60 13mm

Cell seeding resulted in homogeneous cell distributiornisotropic) regardless of the ber alignmenfigure 3C).
throughout the top layer of the scaold for all scaold Consequently, the ber surface area which was e ectively
types. After 4 days of culture, macrophages predominanﬂyxposed to cells was estimated to be 116.2 cnf and 16.0
adopted a rounded shape on isotropic and anisotropic sca oldsl.0 cnf for the 2mm  ber @ isotropic and anisotropic sca olds,
imespective of the ber diameter (data not shown). At day 8 respectively, and 9.3 0.6 cnf and 8.1 0.6 cnf for the 6mm
cells tended to spread and cluster together, regardless of tHeer @ isotropic and anisotropic sca olds, respectively.
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TABLE 3 | Genes and proteins analyzed via gqPCR and Multiplex ELISA.

Protein Symbol Function gqPCR ELISA
Cluster of differentiation 68 CD68 Pan-macrophage marker X
Monocyte chemoattractant protein 1 MCP-1 Chemotactic for nonocytes/macrophages X X
Chemokine (C-C motif) receptor 7 CCR7 Pro- in ammatory macrphage marker X
Interferon gamma IFNg Pro-in ammatory factor, inhibitor of collagen production ad cell proliferation X
Tumor necrosis factor alpha TNFa Pro-in ammatory factor, stimulus for collagen production,inhibitor of elastogenesis X X
Interleukin 6 IL-6 Pro-in ammatory factor X X
Cell surface glycoprotein receptor 200 CD200R1 Anti-in amnatory macrophage marker X
Mannose receptor c, type 1 CD206 (MRC-1) Anti-in ammatory marophage marker X
Cluster of differentiation 163 CD163 Anti-in ammatory maasphage marker X
Interleukin 10 IL-10 Anti-in ammatory cytokine, inhibitor otollagen production X X
Interleukin 13 IL-13 Anti-in ammatory macrophage marker, sthulus for collagen production X
Transforming growth factor beta 1 TGB, Anti-in ammatory factor; stimulus for collagen formation X X
Matrix metalloproteinase 9 MMP-9 Anti-in ammatory factorrnivolved in extra-cellular breakdown and remodeling X X
Matrix metalloproteinase 1 MMP-1 Extra-cellular breakdowand remodeling, collagenase X
Metallopeptidase inhibitor 1 TIMP-1 Inhibitor of MMP's X
Platelet derived growth factor- subunit ~ PDGF-BB Stimulus for collagen formation and cell prolifetian X
BB
Basic broblast growth factor bFGF Stimulus for collagen famation, promotes scarless healing X
Connective tissue growth factor CTGF Stimulus for collageformation X
Elastase ELA Elastin breakdown X
Nicotinamide adenine dinuc-leotide NOX2 Contributor of ROS production X
phosphate-oxidase 2
Nuclear factor NFkb Involved in cellular responses to oxidative stress and cellsvival X
kappa-light-chain-enhancer of
activated B cells
Lipase A or cholesterol ester LIPA Lysosomal enzyme X
hydrolase
Cluster of differentiation 44 CD44 Cell adhesion, migratioand fusion X
Cluster of differentiation 47 CD47 Cell adhesion, migratioand fusion X
Signal regulatory protein alpha SIRPA Cell fusion and phagytosis X
Purinergic receptor P2X 7 P2RX7 Regulator of caspase acttyj cytokine secretion, cell apoptosis and fusion X
TABLE 4 | Fiber alignment, diameter, pore size and width-height raij thickness, and surface to volume ratio of the electrospurscaffolds.
Alignment Fiber @[ mm] Pore size [ mm?] Width-height ratio pores Thickness [ mm] Surface-to-volume ratio [m  2/cm 3]
Isotropic 21 03 26 13 21 08 167 11 1.90

57 03 110 6.2 50 1.9 176 16 0.70
Anisotropic 22 02 27 15 21 09 123 7 1.82

57 05 73 34 57 37 134 7 0.70

DNA quanti cation revealed higher cellular presence for Scaffold Microarchitecture Affects
the 6mm @ isotropic sca olds when compared to the other Macrophage-Driven Degradation

sca old architectures at day 4, while no signi cant di ererxe Anisotropic sca olds with 6rm ber @ showed the most
were detected between the various microarchitectures at8da pronounced ber erosion and cleavage, at both day 4 and day
(seeSupplementary Figure S2top). In presence of biochemical g as determined by SEM analysis and scorifigyres 4A,B.
stimuli, the DNA content of LPS/IFNg stimulated cells was |ncreased levels of lipid peroxidation, as indicated by insesl
signi cantly lower than the DNA content measured for all the ppA |evels, were observed in sca olds withrén, aligned bers,
other groups in 2D (se&upplementary Figure S2bottom). In - poth at day 4 and day 8F{gure 4C). At the gene level, no
3D, comparable DNA amounts were detected for all the groupsjgni cant di erences were seen in the expression of NOX-2
at day 4, while signi cantly less DNA content was measured iyt day 4, while signi cant upregulation was detected for cells
the LPS/IFNg stimulated cells at day 8. cultured up to day 8 on the Bm ber @ anisotropic sca olds
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FIGURE 2 | Scaffold characteristics. SEM images of the electrospun PGBU scaffolds with different ber diameter and alignment. 8ale bars, 50mm (A). Frequency
histograms with tted Gaussian distributions to visualizehie degree of ber alignment (90 D main axis)(B). Average cauchy stress-stretch curves of the electrospun
microarchitectures 6 D 2/group, x D circumferential direction of the electrospinning mandrely D axial direction of the electrospinning mandrel)C).

only. Expression levels of the KB gene were comparable for
all sca old architectures, at both day 4 and dayRgure 40.

of pro-inammatory MCP1 and anti-in ammatory CD163
revealed no di erences between the sca old microarchiteesur

Enzymatic activity, which was measured both in the supemtata at day 4, marked upregulation was observed at day 8 for cells

and in the cell lysate, was signi cantly higher in the supeam
of the 6mm ber @ anisotropic sca olds, when compared
to the 2nm ber @ anisotropic sca olds. However, overall

cultured on sca olds with énrm @ anisotropic bers. For the anti-
in ammatory CD206, a low but signi cantly higher expression
was observed for therim @ isotropic sca olds in comparison

enzymatic activity in the study's timespan of 8 days was lowo the 6mm @ isotropic sca olds at day 4, while no signi cant
in all groups without any other signi cant di erences between di erences were seen between the groups at dayidufe 5A).

microarchitectures Kigure 4D). No signi cant di erences in

No considerable di erences in expression could be detected

LIPA gene expression were observed between the experimentatween the dierent microarchitectures for CD68, CCR?7,

groups, at both day 4 and day Bigure 4D).

Differences in Degradation Cannot Be
Explained by Canonical M1 or M2

Macrophage Polarization

Gene Expression

Limited di erences in gene expression were observed for the pr
in ammatory and anti-in ammatory markers depending on the
sca old microarchitecture Figure 5A). The expression of IL6
signi cantly increased in sca olds with @m @ anisotropic bers
in comparison to the nm isotropic sca olds at day 4. However,
at day 8, this trend has disappeared. While the relative exipress

(0)

TNFa, IL10, TGFB1, MMP9 (se8upplementary Figure SB

With respect to cell fusion, no signi cant di erences in reiat
expression of CD44, SIRPA, and P2X7 were observed amongst
the sca old microarchitectures. Instead, CD47 gene exprassio
was upregulated for therm @ anisotropic group in comparison

to the other groups at day 8, although overall expression was lo
(Figure 5B).

Protein Secretion

Protein secretion was quanti ed in the supernatant at dayd8rfr
the cells cultured on the di erent sca old microarchitectigeAs
shown inFigure 6, moderate yet not signi cant downregulation
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FIGURE 3 | Macrophage morphology on different scaffold microarchitetures. Representative SEM images of macrophages culturetbr 8 days on the different
scaffold microarchitectures. Arrows identify areas of cetlustering. (xD circumferential direction of the electrospinning mandrel D axial direction of the
electrospinning mandrel) Scale bars, 3@m (A). Representative confocal images showing the actin cytosketon of macrophages cultured up to 8 days on the
different scaffold microarchitectures (actin in green; denuclei in blue). Scale bars, 5@m (B). The average cellular in Itration depthrim) and calculated ber surface
exposure (cr?) per scaffold type(C).

of IL-6 was observed with increasing ber diameter. The anti pro-in ammatory LPS/IFNg cytokines resulted in signi cant

in ammatory IL-13 was mostly produced by cells cultured onupregulation of the pan-macrophage CD68 gene, IL6 gene and
2mm @ anisotropic sca olds, with no signi cant di erences the pro-in ammatory genes CCR7, TN MCP1, both in 2D
between the other groups. No signicant dierences wereand 3D. Stimulation with the anti-in ammatory cytokines 1L
observed between the sca old microarchitectures for alidtreer ~ 4/I1L-13 or IL-10 resulted in upregulation of CD206 or CD163,
pro- or anti-in ammatory proteins evaluated, i.e., TN&-MCP-  respectively, at day 4 and 8, in 2D and 3D. MMP9 was
1, IL-10. Secretion levels of the ECM related proteins B,GF signi cantly downregulated after IL-4/IL-13 exposure at balay
CTGF, PDGF-BB, MMP-1, and MMP-9 were comparable for ald (2D) and day 8 (3D). No signi cant di erences were observed
the sca old microarchitectures (séggure 6). Secretion levels of in TGFB1 expression between the groups at day 4. However, at
IFN-g, FGFb, and elastase were below the limit of detection (datay 8, TGB was signi cantly downregulated in case of IL-4/IL-

not shown). 13 or IL-10 stimulation. The cell fusion markers CD44, SIRPA,
P2X7, and CD47 were signi cantly upregulated in the LPS/I§N-
Cytokine Addition Results in Distinct stimulated group (3D) at both day 4 and 8.

Macrophage Phenotypes in 2D and in 3D _ ) .

The exogenous addition of biochemical cues resulted iB3i0Chemically Polarized Macrophages

distinct macrophage phenotypes, both in 2D and in 3DDisplay Different Degradative Pro les

scaolds, as revealed by the gene expression proles [s&&ochemically polarized macrophages displayed di erences in
Supplementary Figure S43D, day 8) andFigure 7 (2D and degradative capacity, in terms of enzyme activity as well as
3D, day 4), respectively]. Macrophages stimulation with thexidative stress, in both 2D and 3D environmentsii® &,
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FIGURE 4 | Macrophage-driven biomaterial degradation. Representate SEM images of decellularized scaffolds at day 8. Scale bs, 40 mm; x D circumferential
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FIGURE 6 | Protein secretion. Secretion levels of pro- or anti-in ammiry, and ECM-related proteins for macrophages cultured upd day 8 on scaffolds with different
microarchitectures. *Values were extrapolated beyond thetandard range.N  3/group/time point.

isotropic sca olds) Figure 8). Particularly, in 2D at day 4, in 3D, at both day 4 and 8, compared to the other groups. LIPA
LPS/IFNg stimulated macrophages gave the highest levels @fas moderately and signi cantly upregulated by macrophage
MDA and enzymatic activity, in both supernatant and cell Iysat stimulation with 1L-4/IL-13 at day 4 and day 8, respectively
when compared to the other group&igures 8A,B. Similarly, (Figure 8C).

in 3D and especially at day 8, MDA was abundantly expressed

by LPS/IFNg stimulated macrophages (M1) when compared toD|SCUSSION

all the other groups. However, di erences with the other groups

did not reach statistically signi cant di erencesFigure 8A).  In this study, we performed a detailed analysis of the e ect
Enzymatic activity in the supernatant of LPS/IFNstimulated  of sca old microarchitecture ( ber diameter and alignmenth
macrophages in 3D was signicantly higher compared tomacrophage-driven scaold degradation. PCL-BU elastomeric
unpolarised macrophages (M0), at both day 4 and day 8. Atday 8ca olds with two di erent ber diameters, 2 and 6m, and
the enzymatic activity in this group was also signi cantigler  alignments, isotropic and anisotropic, were seeded with huma
than the IL-4/IL-13 stimulated macrophages (M2a) and the 0L-1 macrophages and cultured up to 8 dais vitro. First and
stimulated macrophages (M2c). No signi cant di erences wereforemost, it was demonstrated that the sca old microarcbitee
seen in the enzymatic activity of the cell lysates between tthas a signi cant e ect on macrophage-driven degradation.
groups Figure 8B). Speci cally, Géim ber @ anisotropic sca olds showed the
Atthe gene level, signi cant upregulation of NOX2 and N most pronounced oxidative degradation, as revealed by the
genes was detected for LPS/Igtimulated macrophages (M1) marked upregulation of the NOX2 gene, increased levels of
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FIGURE 7 | Gene expression pro les in 2D and 3D. Relative expression ofrp- and anti-in ammatory genes, ECM-related genes, and gens involved in cell fusion for
biochemically stimulated macrophages cultured on polystene (2D) or on 6Grm ber @ isotropic scaffolds (3D) for 4 days. GAPDH was seleci as the reference
gene. *p < 0.05; **p < 0.01; ***p < 0.001, N  6/group/time point.

Frontiers in Bioengineering and Biotechnology | www.frorgrsin.org 14 April 2019 | Volume 7 | Article 87



Wissing et al. Microarchitecture Determines Macrophage-Driven Degradan

FIGURE 8 | Macrophage phenotype-driven biomaterial degradation. Beplots visualizing MDA production (oxidative stress) of yolarized macrophages (MO0),
LPS/IFN-g stimulated macrophages (M1), IL-4/IL-13 stimulated macrophges (M2a), and IL-10 stimulated macrophages (M2c) culturedpito 4 days on tissue culture
treated well plates (“2D") or on scaffolds with &nm @ isotropic bers (“3D”) for 4 days and 8 days(A). Enzymatic activity detected in the supernatant and cell ate of
MO, M1, M2a, and M2c macrophages cultured up to day 4 (2D and 3D and day 8 (3D) (1 uniD 1 nmol pNP released from pNPB per minute}B). Gene expression
(compared to GAPDH) of NOX2, NFB, and LIPA for MO, M1, M2a, and M2c macrophages cultured on sc#olds with 6mm @ isotropic bers (C). MDA and enzyme
activity values are corrected for DNA content.jf < 0.05; **p < 0.01; **p < 0.001. N  4/group/time point.

lipid peroxidation, and the pronounced ber erosion and various sca old microarchitectures over time. Surprisingifile
cleavage detected via SEM analysis. With respect to enzymatiochemically polarized macrophages displayed a degradative
degradation, negligible di erences were observed betwéen t pro le dependent on their polarization state (both in 2D and
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in 3D), the observed di erences in degradation instigated byrather than the polarization of macrophages into the canonica
the sca old microarchitecture could not be attributed to the M1-M2 phenotypes.
canonical M1-M2 polarization spectrum. This suggests that The lack of microarchitecture dependent M1 or M2
the scaold microarchitecture uniquely aects macrophage-polarization (i) might be explained by the choice of 2 and
driven degradation. 6mm as “small” and “large” ber diameters, respectively.

Various studies have demonstrated a dependency of thereviously, Wang et al. reported an increased presence of
degradative capacity of macrophages, and oxidative degoadat RAW264.7 derived M2 macrophages for PCL sca olds with
particularly, on biochemically induced macrophage phenotypeber diameters of 5.58mm, when compared to sca olds with
For example, it was shown that LPS-treated pro-in ammatory0.69mm ber diameter, both in vitro and in vivo (Wang
macrophages are capable of exerting oxidative stress,ingeaset al., 201}t Similarly, Garg et al. demonstrated a positive
NO and ROS Groemping et al.,, 2003; Tan et al., 2016 correlation between increasing ber diameter and pore sizé a
Moreover, in PMA-activated macrophages, high levels of RO&xpression of M2 markers when culturing mouse bone marrow-
were associated with high expression of pro-in ammatoryderived macrophages on polydioxanone (PDO) sca olds with
cytokines Gong et al., 20)5In contrast to M1 macrophages, ber diameter of either 0.35 and 2@m in vitro (Garg
M2 activation was hypothesized to be accompanied by reduced al., 2013 The seemingly contrasting lack of di erences in
NAPDH oxidase (NOX2) activity, ROS and NO generationmacrophage polarization in our study may be explained by the
(Tan et al., 2016 In line with these observations, our study notion that we compared ber diameters in the micrometer
demonstrated that LPS/IFM- treatment of macrophages in range only. We specically opted for relatively large bers,
2D and 3D led to a pro-in ammatory gene expression pro le and concomitantly large pore sizes, to ensure sucent cell
and induced a signi cant upregulation of lipid peroxidation, in Itration into the sca olds, which is an essential elemetatin
overexpression of the oxidative genes NOX2 and BlFand situ tissue engineering. Hence, although potentially interggstin
increased enzymatic activity, when compared to the unpadariz from a fundamental point-of-view, sca olds with bers in the
(MO0), alternatively-activated (M2a) or reparative macroplsagenanometer range, and corresponding small pores, are beyand th
(M2c). Indirect con rmation of the M1-induced ROS production scope of this work. Although we did not see clear di erences
was found in the drastic decrease in viability observed foin polarization for the two ber diameters tested, we did deite
the LPS/IFNg treated macrophages in 2D (at day 4) andan increase in MCP1 and CD163 gene expression for the
in 3D (at day 8). In fact, in previous studies it was shownanisotropic Grm ber @ sca olds. As ROS has been recognized
that although macrophages develop ROS-resistance in ghtings a regulating factor of MCP-1 induced monocyte recruitinen
against overwhelmed intracellular ROS level, ROS-indudéd se(Hackel et al., 20)3and CD163 is associated with phagocytosis
destruction mechanisms might still not be completely preventedLurier et al., 201); these results support our nding that
(Essler et al.,, 2009; Bauer et al., 2011; Dey et al.,).201ricroarchitecture in uences macrophage degradative paoétnt
Correspondingly, the unexpected upregulation of IL10 in the M1in addition to the ber alignment and ber diameter, the
group can be related to a cell-defense mechanism to suppregariations in pore geometry may have played a role in uencing
intra-cellular NO production and maintain cell metabolic the cellular responsesarg et al., 2013; McWhorter et al., 2013;
equilibrium (Baseler et al., 20).6 McWhorter et al., 201p

Besides exogenous addition of cytokines, the scaold With respect to other cellular mechanisms possibly involved
microarchitecture can profoundly aect macrophage in sca old degradation (i), it was recently shown that NADPH
polarization, e.g., due to changes in cell shape, podosonmxidase generated ROS promotes cell fusion and, vice versa,
con gurations, and cytoskeletal reorganization&i (et al., that many of the factors involved in cell fusion catalyzes ROS
2011; Versaevel et al., 2012; Ghrebi et al., 2013; Cabaak] etgeneration Quinn and Schepetkin, 20D9Interestingly, it was
2015; Chen et al., 2016; Das Gupta et al., ROI6 illustrate, also reported by Anderson et al. that the adherent precursors
larger ber @ and pore sizes in them range, together with of the FBGCs exhibited macrophage polarization pro les that
microarchitecture-induced cell elongation, were proven towere not classi ed as M1 or M2, but possessed an intermediate
contribute to enhanced alternative macrophage polarizatiorxpression pro le Anderson et al., 2008To investigate whether
(M2) and downstream tissue regeneratiosafiders et al., cell fusion occurred in our experimental groups, we invesidat
2002; Saino et al., 2011; Garg et al., 2013; McWhorter et ahe expression of the fusion markers CD44, CD47, SIRPA, and
2013; Wang et al., 20).4Thus, we hypothesized that sca old P2X7 Quinn and Schepetkin, 2009; McNally and Anderson,
microarchitectures would in uence macrophage polarization201). Despite the lack of di erences in expression levels of
and, consequently, scaold degradation. More specicallyCD44, SIRPA, and P2X7 for the di erent microarchitectures,
selective polarization of macrophages into a pro-in ammatorymoderate upregulation of CD47 was observed for macrophages
phenotype was expected in sca olds with the smaller isotropicultured on the 6nm ber @ anisotropic group, which might
ber diameter (@ 2mm). However, gene expression and proteindirectly relate to the pronounced degradation observed fat t
analysis revealed limited di erences in macrophage phenotypegsarticular sca old microarchitecture. However, a more exése
for the di erent sca old microarchitectures, which suggetttat: analysis of the impact of microarchitecture on cell fusion
(i) the chosen microarchitectures did not induce selectw& is recommended.
or M2 polarization, and that (ii) the observed di erences in the  Apart from cellular mechanisms, material processing may
degradation kinetics of sca olds are related to other medbians  induce changes in material crystallization, which in turn
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could a ect degradation. More speci cally, various studieyda for donor-to-donor variability, which, in this particular ase,
demonstrated that an accelerated mandrel rotation speedhimig might also in uence the degradation fate of the implanted
induce crystallization Jose et al., 2007; Edwards et al., 2010scaolds as degrading product secretion might change with
Our sca olds are composed of PCL-BU material, a thermoplastiage, gender and co-morbidity_ébow et al., 200)bMoreover,
elastomer with a poly~caprolactone soft block and a bis- implant degradation involves the simultaneous action of tiplz
urea hard block. Both these blocks can crystallize. Di eil@nt phagocytes and interrelated degradation pathwaygow et al.,
scanning calorimetry (DSC) measurements on electrospuB002; McBane et al., 2005, 2)0ONeutrophils and monocytes
scaolds show that the soft block has two broad crystallinemight be able to initially shape degradation via the release o
melt transitions (at 15 and 60 C), while the hard block hydrolytic enzymes (serine proteasekjljow et al., 1995and
has one broad transition (at 120 C). These transitions are ROS, like hypochlorous acid (HOCIrlomas and Fishman,
seen for both the isotropic and the anisotropic sca olds, dlbeil98¢. These compounds pretreat the biomaterial, making it
with minor di erences in recorded melting enthalpies, indicey  more or less vulnerable for the propagation of macrophage-
no to minor variations in crystallinity between the dierent driven degradationl(abow et al., 2001a, 200Z€omparably, the
microarchitectures as a result of the electrospinning precesPMA that was used as a stimulant for monocyte-to-macrophage
(seeSupplementary Figure Sp Therefore, we reason that the di erentiation might have altered surface chemistry via piiate
most pronounced degradation in thenn ber @ anisotropic  kinase C-stimulated NADPH oxidase upregulation and re&ctiv
scaolds is most likely to be a cell-mediated, rather thanoxidant production (e.g., HOCIThomas and Fishman, 1986;
a material-morphology driven process. Moreover, we veri edJackson et al., 1995; Labow et al., 2999
that the increased material degradation in then® ber & The results of this study were obtained by using
anisotropic group was not a result of a larger surface-tasr@  supramolecular PCL-BU sca olds. Although the results should
ratio, nor a larger ber surface area e ectively exposed tosdell  be veri ed for other types of materials, the results of ourremt
this group. study do emphasize the importance of using 3D cell cultures,

In parallel with sca old degradation, the timely formation and speci cally macrophages, for assessing sca old deg@dati
of functional tissue is of utmost importance for successfuln vitro, in addition to cell-free accelerated vitro degradation
outcomes of than situ tissue engineering approachV(ssing tests, as previously describésr(gmans et al., 20).5Although
et al., 201y Thus, as an additional read-out, the e ect of the latter will render relevant information on the suscepitlyi
macrophage product secretion (e.g., degrading products araf materials to either enzymatic or oxidative degradatisuch
cytokines) on tissue deposition was assessed via exposurecefi-free assays do not account for the in uence of the sah ol
broblasts, i.e., human vena saphena cells (HVSCs), to thmicroarchitecture on cell-driven degradation. The relesg of
supernatant of macrophages cultured on the degrading sca olthis is apparent from a recent study by Kluin et al. in which the
microarchitectures for 24h (se&upplementary Figure Sp  in vivo degradation of an electrospun elastomer was observed
Remarkably, for broblasts exposed to the supernatant ofo be highly heterogeneous and dependent on the amount and
macrophages cultured of the highly degrading anisotropier® phenotype of in Itrating immune cellsiluin et al., 201Y.
ber @ sca olds, signi cant upregulation of theaSMA gene
was observed, which might indicate a shift of broblasts into
a more contractile and synthetic phenotype. Accordingly, otCONCLUSIONS
the same group, Col type Ill was signi cantly upregulated,
in parallel to the downregulation of the broblast collageras In this study we demonstrate that the sca old microarchitaret
MMP1, indicating enhanced tissue deposition. In addition,design (e.g., choice of ber diameter and alignment) unigue
speci ¢ macrophage phenotypes, induced by exogenous additianects early macrophage-driven scaold degradation, in a
of cytokines, were shown to promote a di erent HVSCs responsemechanism which is independent of changes conform to the
Exposure to the supernatant of LPS/IkNstimulated pro- generally accepted M1-M2 paradigm. These results are highly
in ammatory macrophages downregulated Collagen type | andnstrumental for the design of synthetic materials and for
Collagen type Ill, while stimulating the expression of MMP1 andthe tailoring of their degradation kinetics foin situ tissue
MMP2 genes. These observations are consistent with lite¥atuengineering purposes. Moreover, these ndings advocate the
(Song et al., 2000; Ploeger et al., 2pEhd suggest that a use of 3D cell-based assays to adequately assess biomaterial
pro-in ammatory macrophage phenotype might suppress tissuelegradatiorin vitro.
formation by broblasts, with potential risks of early failerof
fast-degrading grafts.

This study has some inherent limitations. Human THP-1 cell AUTHOR CONTRIBUTIONS
line-derived macrophages were used as a cell source. Evagitho
THP-1 cells have become one of the most widely used cell lindhe CRediT Taxonomy are as follows: TW, MB, CB, and
in this eld (Qin, 2012; Chanput et al., 20)14t was derived AS: conceptualization; TW, VB, EvH, HJ, and AS: formal
from the blood of a patient with acute monocytic leukemia,analysis; TW, VB, EvH, MvD, and HJ: investigation; CB:
which sparks strong debates on the accuracy of THP-1 celfanding acquisition; CB and AS: supervision; TW, VB, and AS:
in mimicking monocytes and macrophages behavior, especialljisualization; TW and VB: writing—original draft preparatip
when compared to primary cell sources. The use of primary cellw, VB, EvH, MvD, MB, HJ, CB, and AS: writing—review and
over THP-1 cells also has the inherent advantage of acaoginti editing. All authors have approved the nal article.
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