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A B S T R A C T   

Biopolymer grafts often have limited biocompatibility, triggering excessive inflammatory responses similar to 
foreign bodies. Macrophage phenotype shifts are pivotal in the inflammatory response and graft success. The 
effects of the morphology and physical attributes of the material itself on macrophage polarization should be the 
focus. In this study, we prepared electrospun fibers with diverse diameters and formed a shish-kebab (SK) 
structure on the material surface by solution-induced crystallization, forming electrospun fiber scaffolds with 
diverse pore sizes and roughness. In vitro cell culture experiments demonstrated that SK structure fibers could 
regulate macrophage differentiation toward M2 phenotype, and the results of in vitro simulation of in vivo tissue 
reconstruction by the microenvironment demonstrated that the paracrine role of M2 phenotype macrophages 
could promote bone marrow mesenchymal stem cells (BMSCs) to differentiate into osteoblasts. In rats implanted 
with a subcutaneous SK-structured fiber scaffold, the large-pore size and low-stiffness SK fiber scaffolds 
demonstrated superior immune performance, less macrophage aggregation, and easier differentiation to the anti- 
inflammatory M2 phenotype. Large pore sizes and low-stiffness SK fiber scaffolds guide the morphological design 
of biological scaffolds implanted in vivo, which is expected to be an effective strategy for reducing inflammation 
when applied to graft materials in clinical settings.   

1. Introduction 

Biomaterials are vastly used in medical diagnosis [1], health moni
toring [2], drug delivery [3], and tissue repair and regeneration [4], and 
are especially vastly used for in vivo repair due to their porosity, flexi
bility, and facilitation of cell adhesion and proliferation [5]. However, 
when implanted, they can create in vivo wounds and elicit an immune 
response in the host. Specifically speaking, prolonged or unrestricted 
proliferation of pro-inflammatory cells can lead to excessive inflam
matory responses or even the formation of fibrotic scarring surrounding 
biomaterial implants [6], blocking vital communication between the 
implant and the surrounding environment. This is detrimental to 
biomaterial-mediated tissue repair and regeneration and may ultimately 
lead to implant failure. 

Macrophages play a dominant role in the inflammatory response and 
have been vastly used to study the immunomodulatory capacity of 

biomaterials [7]. Macrophages can be polarized into M1 phenotypes 
that secrete pro-inflammatory cytokines (iNOS, TNF-α, and IL-12) [8] 
and anti-inflammatory M2 phenotypes that secrete transforming growth 
factor (TGF-α) and IL-10 [9]. M2 macrophages play a significant role in 
the anti-inflammatory response and tissue reconstruction through im
mune regulation by modulating the Th2 anti-inflammatory response 
[10]. The timely conversion of M0 to M2 macrophages is the key to the 
success of implant transplantation. Macrophages have been demon
strated to polarize depending on the microenvironment in which they 
are located and can initiate inflammatory responses by recognizing 
diverse bacterial components through mechanisms such as pattern 
recognition receptors [11]. Macrophage adhesion infiltration is an 
inevitable process post-material implantation [12], and the inhibition of 
macrophage adhesion infiltration is no longer an effective strategy for 
avoiding chronic inflammation. Modulating the interaction between 
biomaterials and macrophages to induce M2 macrophage polarization 
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has emerged as a prominent area of research [13]. Several crucial cy
tokines and signaling pathways are recognized for their ability to induce 
macrophage polarization. For instance, interferon-γ (IFN-γ) is associated 
with M1 polarization [14], whereas interleukin-4 (IL-4) and 
interleukin-13 (IL-13) are known to promote M2 polarization [15]. 
Furthermore, the surface microstructure of the material significantly 
influences macrophage polarization [16,17]. The structural aspects of 
the material, including fiber diameter, pore size, and their arrangement, 
represent potential targets for regulating macrophage polarization [18]. 
However, it remains uncertain whether adjustments in material stiff
ness, roughness, or pore size can effectively alter macrophage 
phenotype. 

Electrospun fibers are vastly used as in vivo implant repair and 
replacement materials due to their high porosity and spatial inter
connectivity [19–23], and electrospun fiber scaffolds best mimic the 
morphological and structural characteristics of the extracellular matrix 
(ECM) [24–26]. The regulation of macrophages by fiber morphology is a 
complex field involving the interactions of diverse factors, such as ma
terial type, material surface morphology, and physicochemical proper
ties, including the microenvironment to which they are exposed 
[27–29]. Some studies have indicated that macrophages tend to adhere 
and cluster on rough hydrophilic surfaces (indentations, pits, and pro
trusions), polarizing either toward inflammatory M1 or 
anti-inflammatory M2 phenotypes, whereas others suggest that certain 
patterns and fiber topographies can induce macrophage polarization 
toward the M2 phenotype [30,31]. However, the mechanisms control
ling macrophage polarization toward specific phenotypes remain 
obscure. Beyond morphology, the biomechanical characteristics of fiber 
scaffolds, such as bending stiffness and tensile properties, also influence 
macrophage behavior, including intercellular signaling and the release 
of bioactive molecules [32]. There is an urgent need to delve deeper into 
the relationship between fiber scaffolds and macrophages to better un
derstand the mechanisms underlying macrophage polarization 
behavior. Polymeric materials are highly plastic, and their surface 
morphology can be modified by oxidation, coating, deposition, and 
plasma [33–35]. Solution-induced crystallization is a strategy for 
enhancing the mechanical attributes of fibers without altering their 
chemical attributes [36,37], which is a simple and easy process that does 

not require sophisticated instrumentation and has significant advan
tages in the formation of irregular surface morphologies for most in 
vivo-implanted degradable polymer materials [38,39]. 

Herein, we investigated the role of fiber characteristics (fiber diam
eter, roughness, stiffness, etc.) and the fiber topology aggregates in 
inducing macrophage polarization. Electrospinning fibers with 0.1–5 μm 
diameter and 1–15 μm pore diameter were prepared by electrospinning 
technology, and the solution-induced crystallization method was used to 
form a shish-kebab (SK) structure on the fiber surface, forming elec
trospinning fiber scaffolds with diverse pore diameter and roughness. 
We demonstrated the nanomorphology of the SK fiber scaffolds, which 
demonstrated a unique pattern in inducing adhesion protein unfolding, 
cell adhesion, and cytokine expression through in vitro macrophage co- 
culture results. Next, we constructed a macrophage and stem cell co- 
culture system to simulate the in vivo tissue reconstruction microenvi
ronment, explored the effect of fiber scaffolds in the culture medium 
(CM) on the macrophage phenotype, and verified that M2 paracrine 
action promotes BMSCs differentiation into osteoblasts. Subcutaneous 
transplantation experiments in rats were conducted to verify whether 
the properties of the different structures of polycaprolactone (PCL) fiber 
scaffolds for inflammatory response and tissue regeneration in vivo were 
consistent with those in vitro (Scheme 1). 

2. Materials and methods 

2.1. Materials 

PCL particles (MW:80,000 Da) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). N, N-dimethylformamide (DMF) and methanol 
(MeOH) were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). 

2.2. Preparation of electrospinning fiber scaffolds 

To prepare polycaprolactone (PCL) fibers with diverse diameter 
distributions, two different solvent systems were prepared; the volume 
ratios of the spinning solvents are depicted in Table 1. A certain mass of 
PCL was dissolved in the above two solvent mixtures, and the mass 

Scheme 1. Schematic diagram of the preparation and research idea of SK structured PCL fiber scaffold.  
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fractions of the PCL solutions are depicted in Table S1. The spinning 
solution is loaded in a 20 mL syringe, left to drain the air bubbles, and 
installed in the electrospinning machine; the relevant parameters of 
spinning: voltage of 20 kV, environmental parameters for the tempera
ture of 22–25 ◦C, relative humidity of 30–40 %. After spinning, the fiber 
scaffolds were dried in a vacuum oven at 35 ◦C for 24 h to remove the 
residual solvent. Fiber scaffolds prepared from a weight percent of 10 wt 
% and 15 wt% PCL were denoted as P10 and P15. 

2.3. Preparation of SK structured fiber scaffolds 

Electrostatically spun fiber scaffolds were post-treated to obtain fi
bers with an SK structure. A water bath was heated to 60 ◦C for 2 h to 
dissolve PCL in amyl acetate, and a solution with a mass fraction of 0.5 % 
(m/v) PCL was prepared, cooled to room temperature (approximately 
20 ◦C), and then 4 mL was incorporated dropwise to the 4 cm × 4 cm 
fiber scaffolds. After 40 min of treatment, the excess solution was rinsed 
off with amyl acetate, and the fiber scaffolds were placed in a fume hood 
to thoroughly air-dry. The fabricated fiber scaffolds were denoted as 
P10-SK and P15-SK. 

2.4. Characterization of the physicochemical properties of fiber scaffolds 

2.4.1. Surface micromorphology 
The surface of the fiber scaffolds was gold-sprayed under vacuum, 

and the surface micromorphology of the fiber scaffolds was observed 
using a field-emission electron microscope (SU8010, Hitachi, Tokyo, 
Japan). The fiber diameters of the scaffolds were measured using ImageJ 
software (National Institute of Health, Bethesda, MD, USA). For each 
specimen, 100 fibers were selected for measurement and averaged. The 
surface roughness of single fibers of the fiber scaffolds was measured 
using atomic force microscopy (AFM) in a scanning range of 4 × 4 μm2. 
The surface roughness parameters of the single fibers of the fiber scaf
folds included the arithmetic mean height (Sa) and root mean square 
height (Sq). 

2.4.2. Contact angle test 
Static water contact angle testing of the fiber scaffolds was con

ducted using a contact angle tester (OCA15EC, Dataphysics, Stuttgart, 
Germany). A microsyringe was used to incorporate 2 μL ultrapure water 
dropwise to the surface of the fiber scaffolds, photograph the droplets 
formed on the surface, and process the captured imaging droplets using 
the operating software. Five points per specimen were randomly 
selected for measurements and averaged. 

2.4.3. Aperture test 
The pore size distributions of the specimens were determined using a 

porous material pore size analyzer (CFP- 1100AI, PMI, Ithaca, NY, USA). 

2.4.4. Mechanical performance testing 
Four types of fiber scaffold specimens were cut into 20 mm × 3 mm 

rectangles, and the fiber scaffolds were stretched using an electronic 
fabric strength machine (YG(B)026G-500, Da Rong Textile Co, Jiang 
Sheng, China). Each specimen was measured five times, and the average 
value was recorded. 

2.5. In vitro immunological performance evaluation of fiber scaffolds 

2.5.1. Protein adsorption test 
Ten labeled small 1.5 mL centrifuge tubes were first prepared to 

prepare a standard solution of bovine serum albumin (BSA). The average 
absorbance value of each tube was calculated and the standard curve 
was plotted. The BSA standard solution was added to the well plates and 
incubated on a shaker for 12 h, so that the proteins were fully bound to 
the fiber scaffolds. After reaching the set time, the well plates were 
washed with PBS to remove the weakly adhered proteins. Then 1 % 
sodium dodecylbenzene sulfonate (SDBS) was added to the well plates to 
soak the fiber scaffolds to strip the adsorbed proteins. Then the BCA 
working solution and protein solution were mixed proportionally (10:1) 
and reacted in a shaker for a period of time, and then the absorbance 
value of each well was measured using an enzyme marker (562 nm). 
Finally, the amount of protein adsorbed per sample per unit area was 
calculated from the standard curve and sample area. 

2.5.2. In vitro macrophage culture 
For the cell culture experiment, RAW 264.7 macrophage cells were 

provided by the Cell Bank, Chinese Academy of Sciences (Shanghai, 
China). RAW 264.7 macrophage in vitro culture assay was used to assess 
the effect of the four fiber scaffolds on the immune cell behavior. The 
cell culture medium comprised 87 % DMEM (Gibco, Billings, MT, USA), 
10 % FBS (Gibco), 1 % sodium pyruvate, 1 % glutamine (Gibco), and 1 % 
penicillin/streptomycin (Gibco). The cells were changed every day and 
passaged once every 3 days. Samples for the cell experiments were cut 
and placed in 24-well plates, pressed with sterilized steel rings, and 
placed in alcohol vats for overnight fumigation. Alcohol was removed by 
evaporation in a sterile environment for 24 h prior to cell growth, and 
the material was washed thrice with PBS. A cell suspension with a 1 ×
104 cells/mL density was incorporated dropwise to each well of a 24- 
well plate containing the fiber scaffold samples and incubated for 1d 
and 3d, respectively, cytotoxicity was detected using cck8 and absor
bance values of the samples were determined using enzyme labeling. 

2.5.3. Macrophage immunofluorescence staining 
After a predetermined time, 4 % paraformaldehyde (Biosharp, Hefei, 

China) was incorporated to fix the cells in the dark, followed by 0.3 % 
TritonX-100 (Yeasen, Shanghai, China) at room temperature, and 5 % 
BSA (Sigma-Aldrich, Beijing, China) was incorporated to close the plate. 
Alexa Fluor 647-labeled goat anti-rabbit IgG H&L primary antibody 
(Abcam, Cambridge, UK) (MMR antibody; 1:1000 dilution) was incor
porated to bind overnight at 4 ◦C, and a drop of diluted fluorescent 
secondary antibody was incorporated to stain at room temperature and 
protected from light. Diluted FITC Phalloidin (Yeasen) solution was 
incorporated to stain the cytoskeleton, and DAPI (Solarbio, Beijing, 
China) was incorporated to re-stain the nucleus. The stained cells were 
observed using Confocal laser scanning microscopy. The mean optical 
density (MOD) of the macrophage marker MMR was determined using 
ImageJ software. 

2.5.4. Live/dead staining of cells 
Live/dead cell staining was conducted as follows: A cell suspension 

with a 1 × 105 cells/mL density was incorporated dropwise to each well 
of a 24-well plate containing the fiber scaffold samples and incubated for 
1 day. After a predetermined time, the plate was washed for 5 min thrice 
with PBS. Staining was conducted according to the relevant steps of the 
Live/Dead Cell Staining Kit (KeyGen, Thermo Fisher Scientific, Wal
tham, MA, USA). Cells were stained using an inverted fluorescence mi
croscope (Ti-s, Nikon, Tokyo, Japan). 

2.5.5. Enzyme-linked immunosorbent assay (ELISA) 
The concentrations of inflammation-associated cytokines were 

determined using an enzyme-linked immunosorbent assay (ELISA; 
Jingmei, China). A cell suspension with a 1 × 105 cells/mL density was 

Table 1 
Genes and the primers used in qPCR.  

Genes Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′) 

Rat 
actin 

TGACAGGATGCAGAAGGAGATTAC GAGCCACCAATCCACACAGA 

IL-10 GGGCTGCCTTCAGTCAAGTGAAG GACAAGGCTTGGCAACCCAAG 
IL-6 TACCACTTCACAAGTCGGAGGCT TCTGACAGTGCATCATCGCTGTT  
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incorporated dropwise to each well of a 24-well plate containing the 
fiber scaffold samples and incubated for 1 day. The concentrations of 
TNF-α and IL-4 and anti-inflammatory factors IL-10 and IL-6 in the su
pernatant collected in the well plate were determined using ELISA kits. 
The wells were processed according to the relevant steps of the ELISA 
kit, the absorbance value of each well was measured using an enzyme 
marker, and the amounts of cytokines in the four fiber scaffolds were 
computed according to the standard curve. 

2.6. Study of the behavior of combined immunomodulation on cells 

In vitro co-culture experiments with stem cells were conducted to 
assess the characteristics of each fiber scaffold and the effect of macro
phages on the osteogenic differentiation of stem cells. The cell culture 
medium used was the complete medium of rBMSCs (Gibco) from the 
Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). The medium was changed once every 2–3 days according to the 
stem cell growth. The cells were cultured for 3–7 days and then passaged 
when the cells proliferated to 80–90 %. In this experiment, the 4th 
generation (P4) stem cells were selected to evaluate their osteogenic 
performance. 

Fig. 4A depicts a schematic of the operational steps of the co-culture 
system (macrophages and stem cells). Macrophages were inoculated 
onto the fiber scaffolds of 6-well plates at a 3 × 105 cells/well density, 
and after incubation with the fiber scaffolds for 48 h, the supernatant 
was collected and subsequently filtered through a 0.22 μm filter mem
brane. Conditioned medium (CM) was prepared by mixing the filtered 
supernatant with complete stem cell medium at a ratio of 1:1. P4 stem 
cells were inoculated at a 2 × 103 cells density onto a 24-well plate 
without fiber scaffolds and cultured until the cells covered 80–90 % of 
the plate area. The CM was replaced with the osteogenic induction 
medium, and the culture was continued for 7 and 14 days with fluid 
changes every other day to observe the osteogenic differentiation of the 
stem cells in a timely manner. 

ALP staining was used to evaluate the osteogenic activity of co- 
cultured stem cells. After reaching a predetermined time point, cells 
were washed thrice with PBS. Next, 4 % paraformaldehyde was incor
porated into the cells. The fixative was aspirated for 3 h, washed thrice 
with PBS, and stained with ALP (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) according to the manufacturer’s instructions. 
After staining, the dye was aspirated, and the cells were washed thrice 
with deionized water. The specimens were observed under a light mi
croscope. ALP quantification: After incubation for a set time, the plates 
were washed with PBS to remove free cells. The cell membranes were 
then permeabilized with TritonX-100. The liquid in the well plate was 
then transferred to a centrifuge tube and centrifuged at 13000×g for 15 
min below 4 ◦C. The upper layer of the liquid was collected according to 
the ALP test kit, and the solution to be measured and the reagents were 
incorporated into the 96-well plate for quantification; the absorbance 
value of each well was measured with an enzyme marker (520 nm). 

2.7. Investigation of inflammatory response subcutaneously in rats 

All animal procedures were approved by the Ethics Committee of 
Donghua University for Experimental Animals (approval number: SYXK 
2020-0018). SD rats were anesthetized by intramuscular injection of 
Sutex®50 (1 mL/kg body weight), and their backs were shaved and 
disinfected with 75 % alcohol. Six incisions of appropriate length were 
made on their backs with a surgical blade (the interval between incisions 
was greater than 1 cm), the specimens were implanted into the 
embedding bags using curved cuttings, and the wounds were closed with 
3-0 sutures with stitches. 

After reaching a predetermined time, SD rats were euthanized, the 
material and surrounding tissues were removed, rinsed with sterile sa
line, and 500 mg tissue was snap frozen in liquid nitrogen and stored at 
− 80 ◦C in the refrigerator for qPCR assay. The remaining tissues and 

materials were stored in 4 % tissue fixative until subsequent tissue 
sectioning. 

The removed tissues were fixed in 10 % neutral buffered formalin 
and subsequently embedded in paraffin, then made into 5 μm sections 
and stained sequentially with hematoxylin and eosin (HE; Solarbio) and 
Masson’s trichrome (MT; Solarbio). Immunohistochemical staining 
included CD68 (Abcam; pan-macrophage marker) and CD206 antibody 
(Abcam; M2 phenotype macrophage marker). The tissue sections were 
stained using a biomicroscope. Image J was used to compute the number 
of macrophages and the image color pixel density (blue areas represent 
the deposited collagen of the tissues stained by MT). All images were 
acquired at a fixed distance of 100 μm from the tissue-fiber scaffold 
interface (n = 5). 

The subcutaneous tissues around the fiber scaffolds were removed 
after 4 days for homogenization, mixed in the same group, and subjected 
to a quantitative polymerase chain reaction (qPCR) assay to isolate RNA, 
determine the amount and purity of RNA, and then reverse transcribed 
to synthesize cDNA. Target genes were IL-10 and IL-6, and the house
keeping gene Rat actin was used as an internal reference, and the 
expression levels of the target genes relative to the internal reference 
were computed according to the 2-ΔΔCt relative quantitative analysis. 

2.8. Statistical analysis of data 

The experimental data were expressed as "mean ± standard devia
tion," and one-way ANOVA and Turkey multiple comparison test were 
conducted using origin software. p < 0.001 (***), p < 0.01 (**), p < 0.05 
(*) was considered a significant difference between the data. 

3. Results and discussion 

3.1. Preparation and characterization of electrospinning fibers and SK 
structures 

Polycaprolactone (PCL) is a biodegradable polymer with excellent 
flexibility, processing properties, biocompatibility, and a vast range of 
applications in the medical field [40]. In this study, the PCL fiber scaf
folds were prepared by electrospinning, as depicted in Table S1. Scaf
folds with diverse fiber diameters and pore sizes were designed by 
varying the electrospinning parameters (solution mass fraction, pushing 
speed, receiving distance, and needle size) (Fig. 1A) with a flat and 
smooth fiber surface. The SK structure was constructed on the fiber 
surface using the solution-induced crystallization method, and 
SK-structured PCL fiber scaffolds with diverse diameters and pore di
ameters were obtained (Fig. 1A, bottom). Quantifying the fiber diameter 
(Fig. 1B), the average fiber diameter of P10 and P10-SK was small at 
0.45 μm, the average fiber diameter of P15 and P15-SK increased to 
2.84 μm with the increase of solution mass fraction and the adjustment 
of spinning parameters. The average pore diameter of P15 (12.50 μm) 
and P15-SK (11.57 μm) was significantly larger than that of P10 (3.10 
μm) and P10-SK (1.78 μm) due to the decrease in fiber diameter and the 
increase in the interweaving points between fibers and the reduction in 
space (Fig. 1C). SEM images demonstrated that solution-induced crys
tallization on the fiber scaffolds formed a nanoscale SK structure with 
irregular folds and grooves, and the surface roughness of single fibers on 
the surface of the SK fiber scaffolds was tested using AFM (Fig. 1D). The 
distribution of the light-colored areas in Fig. 1D (a) depicts that the 
surface of both fiber scaffolds demonstrated high SK structure un
dulations with increased roughness. Fig. 1D (b) depicts the depth pro
files of SK structures on the two fiber scaffolds and their Sa and Sq 
values. The heights of the undulations on the surfaces of the two 
SK-structured fiber scaffolds were 182, 216, and 177 nm, respectively, 
and the height and thickness of this sheet crystal were at the nanometer 
level, all of which can influence the cell adhesion behavior by inter
acting with cellular integrin clusters [41]. 

Solution-induced crystallization treatment changed the morphology 
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Fig. 1. Preparation and morphological characterization of PCL fiber scaffolds and their SK structures. (A) SEM of PCL (SK) fiber scaffolds, scale bar: 5 μm. (B) Fiber 
diameter distribution of fiber scaffolds, (C) Average pore size distribution of fiber scaffolds, (D) AFM morphology and depth profile of single fiber on the surface of 
fiber scaffolds with SK structure. *p < 0.05. 

Fig. 2. Structural and performance characterization of PCL fiber scaffolds and their kebab structures. (A) FT-IR spectra and (B) X-ray diffraction of PCL fiber scaffolds 
and their tandem crystal structures. (C) Water contact angle test results of fiber scaffolds. (D) Tensile curve of fiber scaffolds. *p < 0.05. 
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of the fiber but did not change their composition, as can be seen from the 
infrared mapping of the fiber aggregates in Fig. 2 A. All fiber aggregates 
had the same composition, and no new bond formation was found. 
However, SK fiber’s crystallinity increased by approximately 12◦(Fig. 2 
B) because solution-induced stringing is a phenomenon wherein crys
talline polymers are induced to crystallize at temperatures lower than 
the usual Tg by the action of a supersaturated solution, wherein the 
crystalline polymers themselves are the solutes. Therefore, the SK fiber’s 
composition did not change compared to that of the original fibers, 
whereas their crystallinity changed. The SK fiber structure influences its 
physical properties [42]. The water contact angle test of the fiber scaf
folds (Fig. 2 C) indicated that all four fiber scaffolds exhibited hydro
phobicity. Compared with flat-film scaffolds, such as P10 and P15, the 
nano-SK structure can improve the hydrophobicity of the fiber scaf
fold. The water contact angle of the P10-SK and P15-SK scaffolds with SK 
structures was significantly reduced. There is significant variability in 
the mechanical moduli of diverse ECM compositions, cells, and human 
tissues [43,44], and the mechanical properties of biomaterials are 
important parameters that affect cell fate and function [45]. Mechanical 
properties of PCL fiber scaffolds were tested (Fig. 2 D), and the tensile 
curves of the P15 group (P15, P15-SK) demonstrated low tensile 
strength (2.71 MPa) and high elongation (532.52 %) relative to the P10 
group (P10, P10-SK), which is due to the thicker fibers of the P15 group 
(2.84 μm), fewer interweave points between fibers and fibers. This is 
because the P15 group fibers are thicker (2.84 μm) and have fewer 
interweave points between fibers; hence, the fibers can easily orient and 
slip along the interweave points and have high elongation. Additionally, 
the fiber scaffolds with the SK structure demonstrated a trend of greater 
breaking strength than the smooth fiber scaffolds, and the elongation at 
break demonstrated the opposite trend. This was probably because the 
SK structure on the fibers increased their roughness during the stretch
ing process, which hindered the relative slip of the fibers and resulted in 
better mechanical properties. The elastic modulus of PCL fiber scaffolds 
with diverse structures depicted in Fig. S1 and the elastic modulus of 
fiber scaffolds with SK structure are all larger than those with smooth 
structure, which is in line with the analysis of changes in crystallinity. 

3.2. Cell biocompatibility of the scaffolds 

After implantation of the material in the body, the immune system 
rapidly responds by producing acute inflammation, recruiting large 
numbers of immune cells (granulocytes, mast cells, and monocytes) to 
the graft area and releasing large amounts of cytokines (IL-4 and TNF-α) 
to recruit more immune cells to the graft area. After 2–3 d, a chronic 
inflammatory response phase was observed [46]. In this study, the 
mouse macrophage cell line RAW264.7 was selected for co-culture with 
a fiber scaffold to verify the effect of fiber aggregate performance on 
macrophages. After 1 day of culture, the surface of the fiber scaffold 
demonstrated numerous live cells, and RAW264.7 grew in patches and 
was excited with distinct green fluorescence (Fig. S2). Conversely, there 
was little red fluorescence of dead cells, and the dead cells present can be 
considered as normal apoptosis, indicating the absence of cytotoxicity of 
the fiber scaffold. The depth of macrophage infiltration was further 
characterized, and macrophages reached the maximum infiltration 
depth (84.02 μm) on P15 (Fig. S3). With the largest pore size (12.50 μm) 
and the lowest stiffness (5.62 MPa), the large pore size facilitates 
macrophage infiltration and reduces the effect of the material on cell 
mechanics. 

The pathogenesis of biomaterial-mediated immune responses is 
determined by the type of protein spontaneously adsorbed onto the 
surface of the biomaterial prior to immune cell recruitment. Moreover, 
the number of adsorbed proteins and their conformational changes 
depend on the surface properties of the biomaterial [47]. Therefore, we 
characterized protein adsorption on fiber scaffolds, and the results 
demonstrated that the SK structure facilitated protein adsorption on 
fiber scaffolds, and the protein adsorption of fiber scaffolds with SK 

structures (P10-SK, P15-SK) was greater than that of smooth fiber 
scaffolds (P10, P15), with the maximum adsorption of 123.90 μg/cm2 

for P15-SK (Fig. 3A). The synergistic effect of the SK structure of the 
fiber scaffold, large pore size, and low stiffness of the fiber aggregate on 
anti-inflammatory cytokines secretion was also investigated. Before 
proceeding, we conducted an assessment of the impact of fiber scaffolds 
on macrophage cell viability. Macrophages were co-cultured with the 
fiber scaffolds for one and three days. The results demonstrated that 
macrophages exhibited stable proliferation, with calculations indicating 
that the cell viability exceeded 85 % across all fiber scaffolds (Fig. 3B). 
Among all structural fibers, the pro-inflammatory factor IL-6 was 
secreted the least on the macroporous fiber scaffold P15-SK with an SK 
structure (42.76 μg/mL) (Fig. 3C). Similarly, less of the 
pro-inflammatory factor, TNF, was secreted on the surface of the P15-SK 
fiber scaffold than on the P10-SK scaffold (Fig. 3D). Interestingly, the 
large pore size and low stiffness of the fiber aggregates facilitated 
anti-inflammatory cytokines secretion. The anti-inflammatory factors 
IL-4 and IL-10 were secreted most frequently on the macroporous fiber 
scaffold P15-SK with SK structure, 122.89 μg/mL (Figs. 3E) and 43.85 
μg/mL (Fig. 3F), respectively. SK fiber scaffolds showed a unique pattern 
of inducing adhesion protein unfolding, cell adhesion, and cytokine 
expression compared with smooth surfaces. 

3.3. The SK structured fiber scaffolds induced polarization of RAW264.7 
cells to M2 phenotype 

We hypothesized that SKS-structured PCL fiber scaffolds would 
induce macrophage differentiation into the M2 phenotype and reduce 
the inflammatory response. We explored the inflammatory response of 
macrophages to the material by co-culturing macrophages with fiber 
scaffolds. Immunofluorescence staining of macrophages on the fiber 
scaffolds surface is depicted in Fig. 3. Macrophages produced the highest 
red fluorescence intensity on P15 at 4 h (Fig. 4A), indicating that M2 
macrophages were the most polarized and that there was no difference 
in the fluorescence intensity of the other three fiber scaffolds. The 
fluorescence intensity of all samples diminished at 4 days (Fig. 4B), and 
the fluorescence intensity of M2-phenotype macrophages on the fiber 
scaffold was minimized in all cases. The expression of macrophage in
flammatory factors was significantly reduced, and the MOD value data 
of the four samples at different time points verified this result (Fig. S4). 
The insignificant difference in fluorescence intensity between the fiber 
scaffolds at 4 days may be due to the difference between in vitro and in 
vivo situations, where macrophages must conduct complex physico
chemical reactions in vivo with proteins of the complement system and 
lymphocytes of the adaptive immune system [48]. Additionally, 
considering the complex in vivo physiological environment and the 
singularity of the in vitro system that mimics acute inflammatory re
sponses, the shortened duration and diminished effect of the fiber 
scaffolds resulted in inflammation that only demonstrated a different in 
vivo phase of the response. At this stage, the polarization of inflamma
tory cells resembles the later stages of a chronic inflammatory response 
[49]. Combined with the elastic modulus and pore size of the fiber 
scaffold described in the previous section, the combination of large pore 
size and low stiffness of the fiber aggregate favors macrophage polari
zation toward the M2 phenotype. 

3.4. Effect of macrophage polarization on bone marrow stem cell 
differentiation 

Mesenchymal stem cells (MSCs) play several roles in modulating the 
immune response to implanted materials, including direct involvement 
in the reconstruction of new tissues, paracrine secretion of cytokines, 
and stimulation of biochemical signaling pathways of the innate im
mune system to interact with immune cells [50–52]. Although we 
demonstrated the effect of SK-structured fiber scaffolds in inducing 
macrophage polarization toward the M2 phenotype, the complexity of 
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the immune system microenvironment components and interactions is 
not sufficient to thoroughly demonstrate its effect. Therefore, to inves
tigate the role of fiber-based materials in the co-culture system, a 
co-culture system of CM and rBMSCs with PCL fiber scaffolds cultured 
on macrophages was constructed (Fig. 4A), thus establishing the ecology 
between the fiber-based materials, immune response, and regenerating 
cells and exploring the effect of different fiber scaffold structures on 
macrophage differentiation and tissue reconstruction capacity by eval
uating the osteogenic differentiation of stem cells after co-culture. 

Staining for mineralized nodule formation in the co-culture system at 
7 and 14 days (Fig. 5A), CM with diverse fiber scaffolds structures 
cultured with macrophages demonstrated the ability to continuously 
stimulate osteogenic mineralization of rBMSCs, and differential calcium 
nodule formation at 7 and 14 days indicated that CM could continuously 
stimulate stem cells differentiation to osteoblasts. As depicted in the ALP 
staining plot, The P15 group of fiber scaffolds exhibited higher ALP 
activity than the P10 group (Fig. 5B), which was more favorable for the 
osteogenic differentiation of rBMSCs. To demonstrate the pivotal role 
played by M2 macrophages, we utilized a CM devoid of macrophages to 
incubate fiber scaffolds with bone marrow mesenchymal stem cells for 
osteogenic differentiation. The results revealed that, at 7 and 14 days, 
only a minimal number of bone marrow mesenchymal stem cells un
derwent osteogenic differentiation, significantly lower than the experi
mental group containing macrophages (Fig. S5). Furthermore, to 

establish the impact of the fiber scaffold’s structure on macrophage 
polarization, we performed morphological observations on the scaffolds 
after 7 and 14 days of co-culture. Scanning electron microscopy from 
Fig. S6 demonstrated that the fiber scaffold’s structure remained un
changed during the culture process, and the SK structure underwent no 
alterations during incubation, providing evidence that the scaffold 
structure induced polarization of macrophages toward the M2 pheno
type. Finally, combined with the quantitative ALP data analysis 
(Fig. 5C), CM with fiber scaffolds cultured with macrophages with SK 
structures exhibited higher ALP activity than the smooth structure, 
which was more conducive to the osteogenic differentiation of rBMSCs, 
ARS staining also confirmed the same research findings (see Fig. S7). 
The results of this system demonstrated that SK fiber scaffolds not only 
favored macrophage differentiation toward the M2 phenotype but also 
promoted stem cell differentiation toward osteoblasts by M2 macro
phage paracrine effects. 

3.5. Fiber aggregate surface topology mediates resolution of inflammation 
in vivo 

To further investigate the in vivo immune response of the fiber 
scaffolds, a subcutaneous graft was conducted in SD rats, as depicted 
(Scheme 1), and evaluated for the acute (4 days) and chronic (14 days) 
phases of the inflammatory response, including tissue regeneration 

Fig. 3. Biocompatibility of diverse structured PCL fiber scaffolds. (A) Protein adsorption of diverse structured PCL fiber scaffolds. (B) Macrophage proliferation was 
assessed via CCK-8 assay after 1 and 3 days of cultivation on the fiber scaffolds (measured at 450 nm). (C–F) Secretion of pro-inflammatory cytokines IL-6(B) and 
TNF-α(C) on fiber scaffolds, and secretion of anti-inflammatory cytokines IL-4(D) and IL-10(E) on fiber scaffolds. *p < 0.05, **p < 0.01, ***p < 0.001. 

G. Zhu et al.                                                                                                                                                                                                                                     



Materials Today Bio 23 (2023) 100880

8

around the fiber scaffolds (21 days). Tissue sections were stained for 
implanted fiber scaffolds at diverse time points. As demonstrated by 
H&E (Fig. 6A) and MT staining (Fig. 6B), there was dense infiltration of 
inflammatory cells in the tissue around the fiber scaffolds and 

myofibrillar tissue formation inside the fiber scaffolds. The collagen 
tissue around the P15 group was in the form of a scattered network, 
which ensured the possibility of material exchange between the fiber 
scaffolds and surrounding tissue. For the quantitative analysis of 

Fig. 4. Macrophage polarization on PCL fiber scaffolds of diverse structures. (A–B) Fluorescence staining of macrophage M2 polarization on fiber scaffolds with 4 h 
(A), 4 days (B). Red fluorescence intensity indicates the expression of M2 phenotype macrophage marker CD206, FITC-labeled ghost pen cyclic peptide-stained 
cytoskeleton (green), and DAPI-stained nuclei (blue). Scale bar: 50 μm. 
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collagen deposition (Fig. S8), less collagen was deposited on the large 
pore size and low-stiffness fiber scaffold P15-SK (16.51 %) compared to 
the smaller pore size and large-stiffness fiber scaffold P10, which had a 
mesh-like distribution of collagen structures with low density and good 
tissue regeneration. 

To further evaluate the efficacy of the scaffolds in reducing the in
flammatory response, we evaluated tissue sections of the fiber scaffolds 
by immunostaining with CD68 and CD206 antibodies to mark the 
infiltrative phenotype of macrophages around the fiber scaffolds and 
compute the number of infiltrated cells. Immunostaining of tissue sec
tions of the implanted fiber scaffolds (Fig. 6C) and CD68-positive cells 
indicated a large infiltration and aggregation of macrophages around 
the fiber scaffolds in the P10 group. CD206-positive cells demonstrated 
the least infiltrated M2 phenotype macrophages in the P10 group and a 
significant increase in infiltrated M2 phenotype macrophages in the P15 
group, with P15-SK reaching its maximum (1540 cells/mm2) (Fig. 6D). 

To verify the immunofluorescence and tissue staining results, qPCR 
was used to detect the expression levels of immune-related genes in 
macrophages in tissues 4 days after the in vivo implantation of PCL fiber 
scaffolds (Fig. 6E and F). The results demonstrated that the expression of 
IL-6 and IL-10 genes was higher and tended to be equal in P10, 
demonstrating anti-inflammatory and pro-inflammatory effects. The 
combination of immunofluorescence and tissue staining demonstrated 
that the fiber scaffold could regulate macrophage polarization, pre
dominantly toward M1; P10-SK had neither pro-inflammatory nor anti- 
inflammatory effects, while both M1 and M2b macrophages secreted 
both genes (Table S3), and combined with immunofluorescence and it is 
reasonable to speculate that this type of fiber scaffold facilitates 
macrophage differentiation toward the M1 and M2b phenotypes. 
However, macrophages aggregated less on the large-pore-size and low- 
stiffness fiber scaffolds (P15 and P15-SK) and formed fewer FBGCs. The 

large pore size and low stiffness fiber scaffolds can create an anti- 
inflammatory microenvironment around the tissue; the presence of SK 
structures leads to increased roughness of the fiber scaffolds with su
perior immune properties and less macrophage aggregation and easier 
polarization toward the M2 phenotype, which has a positive impact on 
reducing inflammation. 

3.6. The SK structured fiber scaffold mediated macrophage polarization 

We prepared PCL fiber scaffolds with diverse diameters (0.10–5.00 
μm) and pore sizes (1.78–12.50 μm) by electrospinning technique and 
formed SK nanostructures on the fiber surface by solution-induced 
crystallization method. It was demonstrated by in vitro macrophage 
co-culture that SK fiber scaffolds induced adhesion protein unfolding, 
cell adhesion, and cytokine expression, and macrophages demonstrated 
optimal M2 polarization on large pore size (12.50 μm) and low stiffness 
(5.62 MPa) P15 fiber scaffolds. A macrophage and stem cell co-culture 
system was constructed to mimic the in vivo tissue reconstruction 
microenvironment and the CM was able to continuously stimulate M2 
macrophages and promote BMSCs differentiation into osteoblasts 
through paracrine effects. Subcutaneous transplantation trials in rats 
were conducted to validate the congruity between the inflammatory 
response and tissue regeneration of PCL fiber scaffolds with varying 
structures in vitro and in vivo. By utilizing HE and MT staining, along 
with CD68/CD206 positive cell profiles and qPCR analysis, it was veri
fied that fiber scaffolds characterized by larger pore size and lower 
stiffness exhibited the capacity to induce an inflammatory microenvi
ronment in the surrounding tissues. Additionally, the inclusion of SK 
structures led to heightened surface irregularities within the fiber scaf
folds, thereby enhancing their immune performance. This structural 
modification also resulted in diminished macrophage aggregation and 

Fig. 5. Effect of macrophages on diverse structured PCL fiber scaffolds on osteogenic differentiation of rBMSCs. (A) Schematic diagram of the manipulation steps of 
the co-culture system (macrophages and stem cells), (B) ALP staining plot of CM on rBMSCs osteogenic differentiation by fiber scaffolds cultured macrophages, and 
(C) quantitative activity assay results. Scale bar: 200 μm *p < 0.05, **p < 0.01, ***p < 0.001. 

G. Zhu et al.                                                                                                                                                                                                                                     



Materials Today Bio 23 (2023) 100880

10

facilitated a more facile shift toward the M2 phenotype. This, in turn, 
results in favorable outcomes in terms of inflammation mitigation. 

In this experiment, a few studies were conducted on the mechanism 
of macrophage adhesion and polarization induced by fiber scaffolds, and 
the electrospun fiber system was too complex for a single study on the 
effect of mechanical properties on the cell. Research indicates that 
integrins have the functionality of mechanical stress transduction, 

capable of activating appropriate mechanotransduction pathways in 
macrophages [53–55]. We hypothesize that the interaction between 
integrins on the surface of macrophages and the fiber scaffold transmits 
information from the morphological features of the material surface to 
the cells. The cells adapt their gene expression to achieve different 
function. It has been demonstrated that macrophages adjust their po
larization state, cytokine secretion, and migration patterns according to 

Fig. 6. Anti-inflammatory effect of diverse structured PCL fiber scaffolds in vivo. (A–B) H&E(A) and MT(B) staining of tissue sections of implanted fiber scaffolds, * 
represents fiber scaffolds cross-section. Scale bar: 100 μm. (C–D) Quantitative analysis of macrophages and M2 phenotype macrophages at 4 days, stained tissue 
sections of implanted fiber scaffolds with CD68(C) and CD206(D) antibodies. (E–F) Detection of immune-related gene IL-6(E) and IL-10(F) expression levels of 
macrophages in tissues 4 days post fiber scaffold implantation using qPCR. *p < 0.05, **p < 0.01, ***p < 0.001. 
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matrix material stiffness [56]. The mechanosensing steps, including 
periodic tests for changes in the substrate, substrate modification, and 
cellular protein content [57]. Initially, the cells sense the mechanical 
features of their environment and rapidly respond to motility and sig
nals. While adapting to the environment, they also change it [58], 
altering the extracellular matrix and generating new signals, such as 
those from fibronectin unfolding, intracellular signals that change the 
cell expression pattern, and eventually the cell shape [59]. At any stage, 
extracellular signals, such as hormones or external mechanical stimuli 
[60], may cause drastic changes that trigger further cellular and matrix 
modifications. 

Local responsiveness, geometry, and integration of all responses play 
imperative roles in gene expression regulation [61]. For synthetic sur
faces, it is not only the geometry and rigidity but also the surface 
properties that ultimately control the composition and conformation of 
surface-adsorbed proteins [62]; therefore, this may be due to the syn
ergistic effect of large pore size, low stiffness, and the SK structure 
inducing integrin-mediated cell signaling pathways. We also plan to 
further investigate the relevant molecular mechanisms in future work, 
conducting a more in-depth analysis of macrophage adhesion on the 
fiber scaffold and the expression of associated integrin genes. This will 
allow us to explore the mechanisms from the perspectives of mechano
transduction and signaling pathways. 

4. Conclusion 

In summary, we have successfully created electrospun fibers with 
varying diameters and introduced SK structures to the material surface 
using solution-induced crystallization. This process gave rise to SK- 
structured PCL fiber scaffolds with different pore sizes and surface 
roughness, enabling precise regulation of macrophage polarization. In 
vitro co-cultivation with macrophages demonstrated that SK-structured 
fibers enhance cell adhesion and effectively steer macrophage differ
entiation towards the M2 phenotype. Additionally, results from in vitro 
microenvironment simulations, mimicking in vivo tissue reconstruction, 
revealed that M2 macrophages promote the differentiation of bone 
marrow mesenchymal stem cells (BMSCs) into osteoblasts through 
paracrine effects. In rats implanted with a subcutaneous SK fiber scaf
fold, the large-pore-size and low-stiffness SK structured fiber scaffolds 
exhibited superior immune performance, with less macrophage aggre
gation and more polarization toward the anti-inflammatory M2 
phenotype. Therefore, large pore sizes and low-stiffness SK fiber scaf
folds guide the morphological design of in vivo-implanted biological 
scaffolds and are expected to be an effective strategy for the clinical 
application of graft materials to reduce inflammation. 
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F. Dingli, D. Loew, S. Vassilopoulos, A. Bershadsky, M. Théry, S. Etienne- 
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