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Abstract: Increasing evidence shows that the physical properties of biomaterials play an important
role in regulating cell behavior and function, especially the mechanical properties of biomaterials.
Macrophages can also be multidirectionally regulated by mechanical factors in the microenvironment,
which simultaneously mediate biomaterials response that triggered by foreign body reactions (FBR).
However, how the stiffness of biomaterials regulates macrophages and the underlying mechanisms
are still not well understood. Our study demonstrates that chitosan freeze-dried scaffolds with
different elastic modulus can modulate the proliferative capacity, growth morphology and polar-
ization behavior of macrophages. The compression tests and morphology observation confirmed
that the prepared lyophilized chitosan scaffolds possessed varied stiffness. The fluorescence staining
experiments showed that the RAW macrophage cell lines exhibited differences in proliferation and
morphology on the freeze-dried scaffolds with different stiffness. Macrophages in the 5% group
(elastic modulus of 106.7 kPa) had the largest number and mean cell area. Furthermore, ELISA and
qPCR results illustrated that macrophage polarization towards the M1/M2 phenotype was strongly
influenced by the stiffness of the lyophilized scaffolds. The study may provide new insights and
references for designing the elastic moduli of biomaterials for regulating immune responsiveness.

Keywords: chitosan; lyophilized scaffolds; elasticity; macrophages; polarization

1. Introduction

The biocompatibility of material is one of the important indicators of the tissue repair
effect. Once the material is implanted in the body, it will cause a series of cellular activi-
ties, initiate the body’s immune response and lead to the formation of inflammation [1,2].
Firstly, the implanted material rapidly adsorbs proteins (such as fibrinogen, albumin and
immunoglobulin G) in the blood, forming a protein coating on the surface of the mate-
rial [3]. Among them, the adsorbed fibrinogen stimulates mast cells to release histamine
and promotes the recruitment of macrophages to the implantation site, causing an acute
inflammatory response [4]. In addition, the newly formed protein interface activates the
complement system, platelets and coagulation proteins, etc., and forms blood clots around
the implant, which further activate and recruit macrophages and exacerbate the inflam-
matory response [5,6]. Macrophages are the main phagocytic cells in the human immune
system which are derived from the monocytes in bone marrow [7]. They are white blood
cells with a wide range of guards in the human body. In the process of wound repair in the
body, macrophages mainly play two roles. On the one hand, macrophages secrete a variety
of biologically active substances and enzymes, such as polypeptide transforming growth
factor and interleukin, to promote wound repair in the process of body injury. On the other
hand, macrophages play a role in phagocytosis to remove tissue, cell debris and pathogens
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from the damaged body, which promotes the repair and healing of damage in the inflam-
matory stage. Macrophages are divided into many phenotypes, and different phenotypes
have different or even opposite effects. Classically activated macrophages are proinflamma-
tory phenotypes (M1 macrophages) that secrete the additional proinflammatory cytokines
TNF-α, IL-1β and nitric oxide synthase (INOS) after chemokine recruitment to kill bacte-
ria and other microorganisms [8–10], while M2 macrophages do not deliver antigens to
T cells. They are activated alternately by IL-4 and IL-13 and secrete the anti-inflammatory
factors IL-4 and IL-10 which have anti-inflammatory effects [11–13]. At the same time,
M2 macrophages secrete the vascular endothelial growth factor (VEGF) and transforming
growth factor β (TGF-β), etc., to promote the reconstruction of the extracellular matrix and
tissue regeneration [13,14]. Although it is too simple to classify macrophages into M1/M2
phenotypes which cannot truly express the dynamic process of macrophages in vivo, this
classification allows us to quickly understand the functions and changes in macrophages
in an in vivo niche [15]. Therefore, an appropriate ratio of M1 and M2 macrophages is
beneficial to obtain an appropriate immune response from the biomaterials, which not only
resists the risk of infection but also promotes tissue repair and regeneration.

Mechanical cues, including physical and chemical properties, affect cell adhesion, mi-
gration, proliferation and function, such as the material mechanical properties, biodegrad-
ability, magnetic properties, surface topography, etc. [16–19]. Among them, the mechanical
properties are a factor that cannot be ignored in the design of biomaterials, which refers to
the performance of materials when bearing various external loads (tensile, compressive,
bending, torsion, impact, alternating stress) under different environments (temperature,
medium, humidity) [20]. The elastic modulus is an index of particular concern in the
mechanical properties in the process of the tissue engineering of biomaterials. When a cell
is in contact with a material, the elastic deformation of the material imparts stress to the
cell, causing the cell to deform, thus changing the cytoskeleton and transmitting biological
signals to the genetic material, ultimately presenting different biological effects. In recent
years, many studies have confirmed the effect of material elasticity on cell and tissue re-
generation [21,22]. Stem cells, as a kind of cell with strong proliferation and differentiation
ability, have great differences in their differentiation behavior with the change in the elastic-
ity of the extracellular matrix. [23]. Oh et al. successfully prepared a PVA/HA matrix with
a gradient elastic modulus and confirmed that human bone marrow mesenchymal stem
cells tend to differentiate into different types of cells on different elastic matrices through
in vitro cell culture experiments (about 20 kPa for nerve cells, about 40 kPa for muscle
cells, about 80 kPa for chondrocytes and about 190 kPa for osteoblasts) [24]. Although
macrophages do not possess a differentiation capacity, they show diversity in the elasticity
of the matrix. The elasticity of the substrate leads to the reorganization of the cytoskeleton
through contact, spreading and adhesion which accounts for the differences in morphology
and function [25,26]. Studies have shown that macrophages display different surface clear-
ance and phagocytosis capabilities for submicron particles with different stiffness [27]. In
addition, macrophages are more prone to polarization towards the M1 type in the condition
of a high stiffness matrix [25]. However, how biomaterials with different elastic modulus
affect the morphology and function of macrophages and the underlying mechanisms is
rarely studied.

There are many mature biomaterial mechanical property control systems at present.
The elastic modulus of material can be adjusted to the value we desire by changing the
ratio of the crosslinking monomers or the degree of the crosslinking [28,29]. For example,
the mechanical properties of hydrogels can be easily changed using different types and
concentrations of crosslinking agents [30]. Chitosan is one of the biomaterials with safe and
excellent biological properties, which is approved by the FDA and widely used in the field
of tissue repair and regeneration [31]. It is the only natural cationic polysaccharide found in
nature and the most abundant polymer, second only to cellulose [32]. Chitosan is obtained
by the partial deacetylation of chitin and shows good biocompatibility, biodegradability,
non-antigenicity and antibacterial activity [33–39]. Chitosan is not bioactive by itself;



Coatings 2022, 12, 1742 3 of 17

however, blending it with bioactive ceramic, bioglasses, other bioactive polymers such
as gelatin and the loading of bioactive molecules can make it the ideal composite for
different tissue engineering applications [40,41]. It has been studied that the elastic modulus
of chitosan gel can be altered by adjusting the degree of acetylation [42]. There have
been studies involving chitosan scaffolds or gels with different mechanical properties for
regulating cell growth, but there are few reports on their effects on macrophages.

In this study, chitosan scaffolds with different elasticity were prepared by freeze-
drying chitosan solutions of different concentrations. The rheological properties, elastic
modulus, surface morphology, water uptake and wettability of the scaffolds were measured
to analyze the differences in the physicochemical properties of the scaffolds with different
elastic modulus. Then, the morphological changes, polarization directions and cell viability
differences of the macrophages on the chitosan scaffolds with different elastic modulus
were observed using in vitro cell culture experiments. Following a morphological analysis,
the proteins and molecules of the macrophages related to the polarization behavior were
determined and analyzed using an enzyme-linked immunosorbent assay (ELISA) experi-
ment, Western blot and a qPCR experiment. We tried to elucidate the differential growth
behavior of the macrophages on the chitosan scaffolds with different elastic modulus as
well as the intrinsic mechanism of the phenomenon through this experiment.

2. Materials and Methods
2.1. Materials and Reagents

Pharmaceutical grade chitosan (Xingcheng, Nangtong, China) was obtained from
Alaskan snow crab with a deacetylation degree of about 90% and a viscosity of about 60cP.
Then, chitosan was dissolved in 2% (v/v) acetic acid solution which was obtained from
Honeywell. RAW 264.7 was obtained from Cell Bank of Chinese Academy of Sciences.
Mouse IL-6 ELISA Kit and Mouse IL-10 ELISA Kit were both obtained from Linktech in
China. In addition, 1640 medium, fetal bovine serum and penicillin–streptomycin were
all obtained from Gibco. Phalloidin-iFluor 488 Reagent and DAPI were both obtained
from Abcam.

2.2. Preparation of Freeze-Dried Chitosan Scaffolds with Different Elasticity

Different weights of chitosan powder were dissolved in 2% (v/v) acetic acid solution
and evenly stirred to prepare chitosan solutions with different concentrations (1%, 3%, 5%
and 7%). Chitosan solutions of different concentrations were added to a 24-well plate at
500 µL per well with 1 mL injections and were left for 24 h to eliminate air bubbles. After
the samples were frozen at −20 ◦C for 12 h, they were placed in a freeze dryer (Bilang,
Shanghai, China) for 24 h. Then, the freeze-dried scaffolds were soaked with 4% (w/v)
NaOH solution for 4 h at a volume ratio of 1:10 to neutralize the acetic acid in the scaffolds.
The samples were then washed with distilled water until neutral so that the unreacted
NaOH was completely removed. Finally, freeze-dried chitosan scaffolds with different
elasticity were obtained (Figure 1). Then, the scaffolds were immersed in PBS at 37 ◦C for
reservation for the following experiments.

2.3. Characterization of Freeze-Dried Chitosan Scaffolds with Different Elasticity
2.3.1. The Rheological Analysis

First, 1 mL of 1%, 3%, 5% and 7% chitosan solutions were placed on the rheometer
sample stage (Thermo Fisher Scientific, RheoWin MARS 40, Waltham, MA, USA) at room
temperature, and the shear rate was set from 0 to 50 (1/s) in order that changes in viscosity
of chitosan solution with the shear rate increasing could be observed.
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Figure 1. Schematic diagram of preparation of freeze-dried scaffolds with different elastic chitosan
and study on the regulation of elasticity on macrophages.

2.3.2. Modulus of Elasticity

The freeze-dried chitosan scaffolds with diameter of 10 mm and thickness of 2 mm
were placed on the sample stage of the universal electronic stretching machine (Fengtuo,
Shanghai, China), and the program was set under compression mode with loading force
of 100 N. The parameters of the stretching machine were set to measure the stress–strain
curve of the samples. The elasticity modulus of the samples was obtained by calculating
the slope of the stress–strain curve in elastic deformation stage.

2.3.3. Morphology

Next, the chitosan scaffolds were freeze-dried for 48 h in order to remove water. The
secondary freeze-dried chitosan scaffolds were fixed on the stage with conductive glue, and
a gold layer was sprayed on the surface of the sample. Then, scanning electron microscope
(SEM, JEOL, Tokyo, Japan) was used to observe and photograph the morphology of freeze-
dried chitosan scaffolds with different concentrations at high magnification.

2.3.4. Water Uptake

The freeze-dried chitosan scaffolds with diameter of 10 mm and thickness of 2 mm
were freeze-dried on filter paper for a second time to remove water. Three parallel samples
were taken for each concentration. The weights of the samples under the freeze-dried state
were recorded as W0, and the weights of the freeze-dried scaffolds after being soaked in
water for 5, 10, 20 and 30 min, and 1, 2, 4 and 8 h were recorded as W1. The formula for
calculating water uptake is as follows:

Water uptake (%) = (W1 −W0)/W0 × 100

2.3.5. Contact Angle

Excess water of the samples was absorbed with filter paper. Then, the samples
were placed on the sample stage of the contact angle measuring instrument (JY-PHA,
Chengdejinhe, Chengde, China), and the microinjector with the same scale was rotated
to make water droplets of the same volume. The contact angle was measured when the
droplets dropped onto the surface of the scaffolds.



Coatings 2022, 12, 1742 5 of 17

2.4. Biological Evaluation of Freeze-Dried Chitosan Scaffolds with Different Elasticity
2.4.1. Sterilization of Materials

The samples were soaked in 75% (v/v) ethanol for 30 min and then irradiated with a
UV lamp for 30 min. Afterwards, the samples were washed with sterile water three times
and rinsed with 1640 medium for use. The sterilized materials were subsequently used in
cell culture experiments.

2.4.2. Cell Viability Assay

The freeze-dried scaffolds with different concentrations of chitosan were extracted with
1640 medium for 24 h at a volume ratio of 1:10 to prepare a complete medium (containing
10% fetal bovine serum, 1% penicillin–streptomycin). Mouse mononuclear macrophage
leukemia cells (RAW 264.7) were seeded at 3000 cells per well in 96-well plates. After 4 h,
the original medium was trashed, and 200 µL of complete medium prepared with chitosan
extracts of different concentrations and normal medium as controls were added to 96-well
plates. After incubation for 1 and 3 d, the culture medium in the well plates was discarded,
and 200 µL of Cell Counting Kit-8 (CCK-8) solution was added to the experimental wells
and blank wells and incubated in the dark for 4 h [43,44]. Then, the absorbance at 450 nm
was measured with a microplate reader (Bio-Tek, Winooski, VT, USA), and the cell viability
was calculated as follows:

Cell viability (%) = [OD(experiment) − OD(blank)]/[OD(control) − OD(blank)] × 100

2.4.3. Cell Fluorescence Staining

The RAW 264.7 cells were seeded on the sterilized scaffolds in 24-well plate at the
number of 50,000 per well. After culturing for 1 and 3 days, the medium was discarded,
and 500 µL of 4% paraformaldehyde was added to each well to fix cells for 1 h. Then,
the paraformaldehyde was discarded, and the materials were washed three times with
phosphate buffered saline (PBS). Next, 500 µL of immunofluorescence blocking solution was
added to each well to block for 2 h at room temperature. Then, 200 µL of Phalloidin-iFluor
488 Reagent (Abcam, Cambridge, UK) was added at 1/1000 dilution in PBS to each well
and incubated at room temperature for 90 min [45]. The materials were washed three times
with PBS. Subsequently, 200 µL of DAPI (Sigma, St. Louis, MO, USA) at 1/1000 dilution in
PBS was added to each well and incubated at room temperature for 10 min. The materials
were washed three times with PBS, and 500µLof fluorescent mounting fluid was added per
well. Then, the cells were observed and photographed under a confocal microscope (SP5;
Leica, Heerbrugg, Germany).

2.4.4. ELISA

The RAW 264.7 cells were seeded on the sterilized 24-well plate at the number of
50,000 per well. Subsequently, the cell culture medium was collected after culturing for
1 and 3 days. Interleukin-6 (IL-6) and interleukin-10 (IL-10) in the culture medium were
extracted and quantified according to the steps of the IL-6 and IL-10 ELISA kit (Multiscience,
Hangzhou, China). The absorbance at 450 nm and 570 nm was measured using a microplate
reader to determine the concentration of IL-6 and IL-10 in the culture medium.

2.4.5. Real-Time Polymerase Chain Reaction (RT-PCR) Analysis

The RAW 264.7 cells were seeded on sterilized material in a 24-well plate at a density
of 100,000 per well. Then, the medium was discarded after 1 and 3 days, and 250 µL of TRI
Reagent (Sigma, St. Louis, MO, USA) was added to each well to extract RNA. First strand
complementary DNA (cDNA) was synthesized by reverse transcription of extracted RNA
using PrimeScript RT reagent kit (Takara, Tokyo, Japan). Interleukin-1 (IL-1) was evaluated
with GAPDH used as the house keeping gene. The relative expression level for each gene
(fold change) was calculated usingLivak method with 2−∆∆Ct and normalized to that of the



Coatings 2022, 12, 1742 6 of 17

reference gene GAPDH. The primers for RT-PCR are listed in Table 1. Relative expression
was quantified using the comparative threshold method.

Table 1. Primer sequences.

Gene Forward Primer Sequences (5′-3′) Reverse Primer Sequences (3′-5′)

GAPDH GCTCAGGCCTCTGCGCCCT CCTACTCTCTTGAATACC
IL-1 GAAATGCCACCTTTTGACAGG TGGATGCTCTCATCAGGACAG

2.5. Data Analysis

All data are expressed as means ± SEM. The t-test and one-way analysis of variance
(ANOVA) were used to statistically analyze the data via GraphPad Prism 8. A probability
(p) value less than 0.05 (p < 0.05) was considered as significant difference.

3. Results
3.1. The Rheological Analysis

Chitosan is a water-insoluble powder that can only be dissolved in organic or inorganic
acids. Therefore, a 2% acetic acid solution was used to dissolve chitosan in this experiment,
and the solutions with a chitosan concentration of 1%, 3%, 5% and 7% were successfully
prepared. The rheological properties of the solutions also changed with the increase inthe
chitosan content. The viscosity of the chitosan solution was characterized using a rheometer
(Figure 2). In the 1% and 3% groups, the viscosity of the solution hardly changed with the
change inthe shear rate (Figure 2a,b). Therefore, the viscosity of these two groups was a
constant, and the solution viscosity of the 1% group and the 3% group was about 0.47 and
1.05 Pas. In the 5% and 7% groups, the viscosity of the solution significantly decreased with
the increase in the shear rate which resulted from the fact that the viscosity of the solution
increased with the increased content of chitosan, and the solution gradually became a
non-Newtonian fluid whose viscosity was no longer a constant which meant the viscosity
changed with the change in the shear rate (Figure 2c,d). However, under the same shear
rate of 40 (1/s), the solution viscosity of the 5% and 7% groups was 6.78 and 22.12 Pas,
respectively. Notably, the solution viscosity of the 7% group was the highest among all the
groups. In general, the viscosity of the chitosan acetate solution increased with the increase
in the chitosan concentration.

3.2. Modulus of Elasticity

The freeze-dried scaffolds prepared with various concentrations of chitosan solutions
had different internal structures as a function of the volume ratios of chitosan and water.
The internal structure of thescaffolds was directly related to the elastic modulus. The
stress–strain curves of the different experimental groups in the elastic deformation stage
showed that the freeze-dried scaffolds could withstand greater stress within the same strain
range, which indicated that the scaffolds had a higher elastic modulus as the concentration
of chitosan increased (Figure 3a). The slope of the stress–strain curves in the elastic
deformation stage was calculated as the elastic modulus of the freeze-dried chitosan
scaffolds (Figure 3b). The average elastic modulus of the 1%, 3%, 5% and 7% groups was
5.5, 40, 107 and 223 kPa, respectively. Therefore, the freeze-dried chitosan scaffolds with
different concentrations exhibited various elastic properties and provided elastic reaction
forces to the cells, which laid a foundation for the subsequent study of the effects of the
elasticity of scaffolds on cell behavior and function.
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3.3. Morphology of Freeze-Dried Scaffolds with Different Concentrations of Chitosan

Freeze-dried scaffolds are loose porous scaffolds prepared by directly subliming the
water in them in a low-temperature vacuum environment after liquid freezing. The chitosan
scaffolds with different concentrations have different microstructures due to their different
water content. The surface and internal morphology of the freeze-dried scaffolds were
observed using scanning electron microscopy (SEM) in order to explore the differences
in the internal structure of the freeze-dried scaffolds (Figure 4a). The SEM images show
that the chitosan freeze-dried scaffolds formed a uniform and dense pore structure inside,
which satisfied the needs of the nutrient supply and material exchange for the cells. In
addition, the pore size gradually became smaller, and the pore structure became more
compact with the increase in the chitosan concentration (Figure 4b). The average pore size
of 1%, 3%, 5% and 7% groups was 182, 148, 103 and 71 µm, respectively. The difference
in the internal pore size and porosity results in the changes in the elastic modulus of the
lyophilized scaffolds, which provides different sizes of support force for the macrophages.
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3.4. Water Uptake of Freeze-Dried Scaffolds with Different Concentrations of Chitosan

The change in the internal pore size and porosity in the material will directly lead
to the variation of the water uptake of the material. All freeze-dried scaffolds reached
a water-saturated state after being soaked in water for ten minutes, indicating that the
freeze-dried scaffolds possessed a sufficiently porous structure to provide nutrient support
and substance exchange for the cells rapidly (Figure 5a). The quantitative statistics of
the water uptake rate showed that the 1% group absorbed the most water and had the
strongest water holding capacity under the same conditions (Figure 5b) due to its loose
pore structure. The average water uptake of 1%, 3%, 5% and 7% was 3032%, 1836%, 775%
and 634%, respectively, which was consistent with the previous analysis of the internal
structure of lyophilized scaffolds.

3.5. Contact Angle of Freeze-Dried Scaffolds with Different Concentrations of Chitosan

The hydrophilicity of materials is one of the important aspects for the biological
evaluation of biomedical materials. An appropriate surface hydrophilicity is beneficial
for cell adhesion and migration. The contact angle is strong evidence that indicates the
hydrophilicity status of the material. The surface contact angles of lyophilized chitosan
scaffolds were measured and quantitatively analyzed in Figure 6, and the results indicate
that there was no significant difference in the contact angles among the four experimental
groups. Therefore, the different concentrations of chitosan in each experimental group did
not affect the surface hydrophilicity of the freeze-dried scaffolds. The contact angles for all
groups were in the range from 30◦ to 40◦, confirming that the hydrophilicity may provide
good interface conditions for cell adhesion and migration (Figure 6b).
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3.6. Cell Viability Assay

The freeze-dried chitosan scaffolds with various concentrations of chitosan are not
only different in their physical properties but may also release soluble components into the
medium which affects cell viability. Thence, the extract of the scaffolds was prepared to cul-
ture RAW cells. The CCK-8 results in Figure 7a show that there was no significant difference
in the cell viability among the experimental groups at 1 or 3 days, respectively. Meanwhile
the RAW cells stained with toluidine blue O (TBO) exhibited similar shapes and quantities
in different groups at 1 or 3 days, respectively (Figure 7b). On the first day, most cells
maintained a round shape, and the number of cells was low. By the third day, the number
of cells expanded to a larger scale, and some cells became polarized with individual cells
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sticking out with distinct protrusions. Regardless of day 1 or 3, the cells exhibited similar
cell numbers and cell morphology in the experimental groups. Therefore, the lysates of the
different concentrations of the lyophilized chitosan scaffolds in the medium did not show
a significant effect on cell viability and morphology. The cell viability of all experimental
groups could reach more than 70% compared with the control group, indicating that the
prepared chitosan scaffolds in all groups have an excellent biocompatibility.
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with TBO (c).

3.7. Cell Morphology

Macrophages are myeloid cells involved in the innate immune response, originating
from monocyte precursors in the blood and play a key role in tissue homeostasis under
normal physiological conditions as well as after tissue injury. Phagocytosis, exogenous
antigen presentation and immune regulation through cytokine and growth factor secretion
are its three key features. The microenvironment where macrophages are located is vital
for their proliferation and migration. The chitosan freeze-dried scaffolds provide different
specifications of support for the macrophages growing on the surface due to their different
porosity to regulate the behavior and function of the macrophages.

On the first day of culture, the macrophages showed a differential affinity for different
groups of materials (Figure 8a). The number of cells in the 5% group was significantly
larger than the other three groups, while the number of cells in the 1% group was the
smallest. In addition, cells in the 5% group grew in small flakes, close to the state of the
cells in a Petri dish. Most of the cells in the 1% group independently grew and did not
touch each other. On the third day, the cells in each group increased, and the spreading
area of the cells enlarged. A few RAW cells showed obvious polarization behavior with
stretching-out protrusions. Among them, the 5% group had the largest number of cells
and the largest average area of cells (Figure 8b). In addition, a lot of the cells spread out in
irregular shapes. Although the number of cells was more than that in day 1 in the 1% group,
it was the least among the four groups, and most of the cells were spherical. Interestingly,
as the chitosan concentration increased, the number and area of RAW cells decreased in the
7% group. The RAW cells showed the best proliferation and migration ability in the 5%
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group, and the number and volume of cells were also the largest, while, vice versa, the 1%
group was the worst.
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3.8. Pro- or Anti-Inflammatory Factors Secreted by Cells

The activation of macrophages plays a crucial role in tissue homeostasis as well as in
inflammation and disease progression [46]. Macrophages can change their phenotype in re-
sponse to many different stimuli, which is dynamic. In general, macrophages can be divided
into classically activated M1 macrophages and alternatively induced M2 macrophages
according to their function and activation. In the early stage of inflammation, classically
activated M1 macrophages secrete factors, such as IL-6, which play a pro-inflammatory role.
In the late stage of inflammation, alternately activated M2 macrophages secrete factors,
such as IL-10, which play an anti-inflammatory role. The ELISA results show that the
concentration of IL-6 decreased with the increasing stiffness of the lyophilized scaffolds on
the first day. On the third day, the expression of IL-6 in the 1% group was still the highest,
while it was the lowest in the 5% group (Figure 9a). The concentration of IL-6 in each group
gradually increased over time. The concentration of IL-10 was generally lower than that of
IL-6, and the overall trend was the opposite to that of IL-6. The 5% group had the highest
IL-10 concentration on both the first and third days. When the concentration of chitosan
was 1%–5%, the concentration of IL-10 increased with the elevation in the hardness of the
freeze-dried scaffolds; when the concentration of chitosan was 5%–7%, the concentration of
IL-10 decreased with the elevation in the hardness of the freeze-dried scaffolds (Figure 9b).
Hence, the RAW cells have different polarization trends on the lyophilized scaffolds with
different elasticity.
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3.9. Gene Expression

Next, we verified the typing of the RAW macrophages in each group at the genetic
level. The results of the qPCR experiment show that no matter whether it was the first or
third day, the expression level of the marker IL-1 of the M1 macrophages had a gradually
decreasing trend in the 1%, 3% and 5% groups, while it showed an upward trend in the
5% and 7% groups (Figure 10). The experimental results of the qPCR and ELISA show
the same trend, as the IL-6 secreted by the M1 phenotype was also much higher than the
IL-10 secreted by the M2 phenotype measured usingthe ELISA. Therefore, the regulation
rules of the different elastic chitosan freeze-dried scaffolds on the RAW macrophages were
further elaborated.
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4. Discussion

The physical properties of biomaterials are increasingly becoming one of the important
factors to consider when designing implants [47,48]. Cells are highly plastic, so the microen-
vironment created by the mechanical properties of the implant, especially the elasticity, has
a profound influence on cell growth and development. Simultaneously, macrophages, as
key immune cells that mediate FBR, can respond to the cellular microenvironment created
by the materials and produce different degrees of inflammatory responses to the M1/M2
macrophages’ polarization. The activity of macrophages against different biomaterials
yields different biocompatibility outcomes. Our study intended to construct chitosan freeze-
dried scaffolds with different elasticity to study the effects of biomaterials with different
interface elasticity on the behavior and function of macrophages. To sum up, chitosan
freeze-dried scaffolds can stimulate RAW cells to polarize in the M1/M2 direction, and the
amount of polarization to the M1 type was greater than that of the M2 type. In the lower
hardness range, the greater the elastic modulus of the material, the smaller the ratio of cells
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polarized to the M1 type and the greater the ratio of polarization to the M2 type. Conversely,
in the higher hardness range, the ratio of cells polarized to the M1 type increased, while the
ratio of cells polarized to the M2 type decreased.

We have built a kind of material system with a controllable elastic modulus based
on chitosan because of the excellent biological properties of chitosan [35–39,49]. As a
naturally occurring polysaccharide, chitosan has excellent biocompatibility and antibac-
terial properties and is also one of the FDA-approved biomaterials [31]. Thus, when we
focus on the effects of the physical properties of the material on the cells, the cells are in
a relatively healthy state so that the differences in cell behavior and function will not be
masked. The CCK8 results also prove that there was no significant difference in the cell
viability and proliferation ability of the leaching solution of the lyophilized scaffolds. Due
to the different ratios of chitosan and water in the scaffolds prepared by freeze-drying,
micropores and porosity of different sizes were produced inside the scaffolds after water
sublimation (Figure 4). The freeze-dried scaffolds processed with different concentrations
of chitosan are like nets woven with ropes of different thicknesses. The low concentration
is a loose mesh of holes woven from thinner ropes, while the high concentration is much
more like a dense mesh woven from thicker ropes. Hence, higher concentrations of chitosan
lyophilized scaffolds can provide greater support to cells due to their compact structure
and thicker hole walls [50–52]. These microscopic supporting forces are superimposed to
the elastic modulus of the material macroscopically (Figure 3b). Consequently, the chitosan
freeze-dried scaffolds give cells an interface environment with different elasticity, mean-
while other conditions keep the same. This differs from conventional hydrogel matrices
because the monomer ratio or crosslinking concentration in the hydrogel is changed in
order to adjust the stiffness of the hydrogel [53–55].

The experimental results show that the elasticity of the interface material plays an
important role in regulating the growth of macrophages, especially the polarization behav-
ior of macrophages. The results of the ELISA show that most cells were mainly polarized
to the M1 type on the scaffold, and a few cells were polarized to the M2 type (Figure 9).
The original RAW cells were mainly the M0 type, with a round or nearly round shape,
while the polarized cells became larger in size and protruded several pseudopodia [56,57].
The process of cell polarization from M0 to M1 and M2 on the scaffold is similar to the
physiological process of macrophages when inflammation occurs in vivo. After the material
was implanted in vivo, M0 macrophages were chemotactically recruited to the implan-
tation site through the blood circulation [57]. In the early stage of inflammation, cells
are classically activated to M1 macrophages, which release various pro-inflammatory
factors to kill pathogens, clean up tissue debris at the injury site and promote scar for-
mation [11–13]. In the late stage of inflammation, macrophages are alternately activated
to M2 macrophages, which release various anti-inflammatory factors, inhibit the further
development of inflammation and promote extracellular matrix reconstruction and tissue
regeneration [58–61]. While days 1–3 were in the early stage of inflammation, most cells
on the scaffolds expressed the M1 phenotype. In particular, the degree of M1 phenotype
polarization first decreased and then increased with the increase in the matrix hardness,
while the M2 phenotype polarization first decreased and then increased with the increase in
the matrix hardness, and the turning points were all in the 5% group. It has been reported
that stiffness similar to that of collagen fibers promotes the M1 phenotype polarization,
and the cells appear round. Stiffness similar to that of bone is more favorable for the M2
phenotype polarization, and the cells have a long and spindle-like shape [62]. When the
elastic modulus of the Eucommiaulmoides gum (EUG)-based scaffold was reduced to
the Mpa level, the RAW 264.7 increased the secretion of inflammatory cytokines which
may suggest a different mechanism for macrophages in harder tissues such as articular
cartilage [63]. We therefore propose that the polarizing effect of the matrix stiffness on
macrophages is biphasic.

The elasticity of the matrix acts as a physical cue through the contact between cells and
the matrix. When cells come into contact with the interface, integrin receptors bind to the
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material, forming cell–substrate anchor points [64]. Forces are transmitted from the integrin
anchored at the cell–substrate sites into the cell, forming focal adhesions (FA) within the cell.
Subsequently, the force is transmitted into the cell and alters the arrangement of the cellular
actin skeleton through a signaling cascade. The chromatin structure in the nucleus changes
accordingly and regulates the expression of genes which eventually changes the shape
and function of the cell [65]. Chitosan freeze-dried scaffolds with various concentrations
impart different forces to cells. The force that is delivered into cells offers intracellular
forces, which are key factors in the regulation of cellular behavior and function by physical
cues [66,67]. When the provided force is too small, a firm bond cannot be formed between
the cells and the matrix, which reduces the intracellular force and affects the adhesion and
proliferation of cells. As the hardness increases, the force provided to the cell elevates, the
intracellular force becomes larger, and the function of the cell is improved. In addition
to the difference in the elastic modulus, the pore size of freeze-dried scaffolds also affects
cells as a topological clue [68]. When the chitosan concentration of the scaffold continues
to increase, the pore size of the stent also decreases. The too-small pore size acts as a
micropattern and inhibits the extension of the skeleton through spatial constraints and
limiting intracellular forces. Thereby, the number and area of the RAW cells decreased in
the 7% group as the restriction of the cytoskeletal stretch inhibited cell proliferation and
migration (Figure 8).

Macrophages differentiated into different subtypes secrete pro-inflammatory or anti-
inflammatory factors, which have profound implications for tissue repair and regenera-
tion [11–13]. The ELISA assay shows that macrophages secreted the M1-type characteristic
cytokine IL-6 and the M2-type characteristic cytokine IL-10 (Figure 9). The results of the
qPCR also prove that the trend of the M1 phenotype-related gene IL-1 was also consis-
tent with the results of the ELISA (Figure 10). That is to say, in the 1%–5% group, the
pro-inflammatory factors secreted by the RAW cells gradually increased, and the anti-
inflammatory factors gradually decreased. Conversely, the 5%–7% group showed the
opposite trend. From this, we were inspired that the amount of pro- or anti-inflammatory
factors secreted by macrophages can be modulated by controlling the stiffness of the
freeze-dried scaffolds, thereby reducing the inflammatory response of the biomaterials.

5. Conclusions

In this study, we successfully developed chitosan freeze-dried scaffolds with different
elastic modulus to study the effect of matrix elasticity on the behavior and function of
macrophages. Through experiments, we found that the 5% concentration of the chitosan
scaffold had the best effect on promoting cell proliferation. In addition, the 5% group
can maximize the polarization of the macrophages to the M2 phenotype and inhibited
the polarization of the macrophages to the M1 phenotype, thereby inhibiting FBR and
improving the biocompatibility of the chitosan scaffolds. In addition, we found that the
polarization regulation of the macrophages by the matrix stiffness was bidirectional. In
the low elastic modulus range, high stiffness promotes the differentiation of macrophages
towards the M2 phenotype, whereas in the high elastic modulus range, high stiffness
promotes the differentiation of macrophages towards the M1 phenotype. Thus, our study
may provide new insights and references for designing the elastic moduli of biomaterials
for regulating immune responsiveness.
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