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A B S T R A C T

The stiffness of the extracellular matrix (ECM) plays an important role in regulating the cellular programming.
However, the mechanical characteristics of ECM affecting cell differentiation are still under investigated. Herein,
we aimed to study the effect of ECM substrate stiffness on macrophage polarization. We prepared poly-
acrylamide hydrogels with different substrate stiffness, respectively. After the hydrogels were confirmed to have
a good biocompatibility, the bone marrow-derived macrophages (BMMs) from mice were incubated on the
hydrogels. With simulated by the low substrate stiffness, BMMs displayed an enhanced expression of CD86 on
the cell surface and production of reactive oxygen species (ROS) in cells, and secreted more IL-1β and TNF-α in
the supernatant. On the contrary, stressed by the medium stiffness, BMMs expressed more CD206, produced less
ROS, and secreted more IL-4 and TGF-β. In vivo study by delivered the hydrogels subcutaneously in mice, more
CD68+CD86+ cells around the hydrogels with the low substrate stiffness were observed while more
CD68+CD206+ cells near by the middle stiffness hydrogels. In addition, the expressions of NIK, phosphorylated
p65 (pi-p65) and phosphorylated IκB (pi-IκB) were significantly increased after stimulation with low stiffness in
BMMs. Taken together, these findings demonstrated that substrate stiffness could affect macrophages polar-
ization. Low substrate stiffness promoted BMMs to shift to classically activated macrophages (M1) and the
middle one to alternatively activated macrophages (M2), through modulating ROS-initiated NF-κB pathway.
Therefore, we anticipated ECM-based substrate stiffness with immune modulation would be under consideration
in the clinical applications if necessary.

1. Introduction

The extracellular matrices (ECMs) are involved in various cellular
processes, such as proliferation, differentiation, survival and morpho-
genesis. ECMs not only provide physical support, but also offer favor-
able micro-environment to cells [1–3]. Extracellular stimulations, in-
cluding soluble and adhesive factors, primarily bind to cell surface
receptors and interact with cells, consequence regulate cell physiolo-
gical activities. Moreover, mechanical properties of the ECMs, parti-
cularly rigidity or stiffness, can mediate cell signal and regulate the
physiological processes, such as angiogenesis, organogenesis, immune

response, and wound healing [4,5]. As an indicative parameter of
ECMs, substrate stiffness can influence the stem cell fate in either 2-
dimension or 3-dimension culture system [6]. By the integrin activation
and internalization, the soft substrates can mimic the soft brain tissues
to promote the neurogenic differentiation derived from mesenchymal
stem cells (MSCs) [7]. On the contrary, the comparatively rigid matrices
can mimic collagenous bone to accelerate osteogenic differentiation
[8]. Pathologically, ECM remodeling and stiffening are accompanied
with tumor progression by stimulating the proliferation, survival, and
migration of tumor cells [9]. Therefore, ECM stiffness influences the
extracellular mechanical environment, further regulate physiological
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and pathological cellular processes of all kinds of cells residents in the
tissues or mobilized in the fluid. Several pathways have been reported
to be relevant to these processes, a significant promotion of Wingless/
Integrase (Wnt/β-catenin) pathway was observed in the cells in the
presence of the stiff ECMs [10]. It is well documented macrophages and
stem cells have identified different signaling pathway that are initiated
by this ECM stiffness, including Wnt/β-catenin, mitogen-activated
protein kinases (MAPKs) and so on [11–13].

Macrophages are a highly heterogeneous population that derived
from the myeloid cell lineages [14,15]. The common myeloid pro-
genitor cell within the bone marrow are developed into mature
monocytes by stimulating with the cytokines granulocyte-macrophage
colony stimulating factor (GM-CSF) and macrophage colony stimulating
factor (M-CSF), the cells enter the bloodstream and reside for several
days before moving to tissues to become residential macrophages
[16,17]. As a part of the innate immune system, macrophages are re-
levant to defense against invading pathogens [18,19]. They also take
part in the progression of pathophysiological conditions such as cancer,
cardiovascular diseases, wound healing, and foreign body response
(FBR) [20].Simply, macrophage activation is often categorized into two
extremes: classically activated (M1) and alternatively activated (M2)
[21,22]. In the early stage of inflammation, macrophages are activated
and polarized to a M1 phenotype. In the presence of interferon-γ (IFN-γ)
and bacterial endotoxin lipopolysaccharide (LPS), the pro-in-
flammatory M1 macrophages, could produce intracellular nitric oxide
(NO), tumor necrosis factor-α (TNF-α), IL-12, and IL-23, which lead to
the inflammatory response [23]. They are helpful for defending against
infections. During the resolution of inflammation, macrophages are
predominantly differentiated to an M2 phenotype which secretes IL-4
and IL-10 to suppress inflammation, clear the debris, and restore tissue
homeostasis. In addition, M2 macrophages could produce growth fac-
tors, such as transforming growth factor (TGF-β) and vascular en-
dothelial growth factor (VEGF), which promote angiogenesis and tissue
regeneration. Substance-P (SP), a neuropeptide, can induce in-
flammatory macrophages migrated to the spinal cord injury site to
polarize to M2 and improved functional recovery [24,25]. With the
development of tissue engineering, more and more ECM-based bioma-
terials are applied in regeneration medicine [26].

Several physical factors of ECMs have been evidenced to influence
macrophages polarization and determine the outcomes of wound
healing and tissue remodeling, including stiffness, topography and so
on [27–29]. In this context, the effects of substrate stiffness on mac-
rophage polarization need to be extensively underlined in biomaterial
science and is of great significance in clinical medicine. The poly-
acrylamide hydrogels have been used to mimic ECMs, due to its suitable
mechanical strength, biocompatibility and adjustable physicochemical
properties for cell culture [20]. In the present study, we designed the
polyacrylamide scaffolds with variable substrate modulus to investigate
the effects of the polymeric substrate stiffness on macrophage polar-
ization as well as the molecular mechanisms involved.

2. Materials and methods

All the procedures related to animals were performed in accordance
with the Guide for the Care and Use of Laboratory Animals from the
National Institutes of Health and the protocol was approved by the
Animal Care and Use Committee of Soochow University.

2.1. Bone marrow-derived macrophages (BMMs) isolation and culture

Macrophages were isolated from bone marrow of the 6-week-old
female C57BL/6 mice. After the mice were euthanized, the femurs and
tibias were collected. The bone marrow cavities were repeatedly flu-
shed with culture medium (αMEM, Hyclone, USA) containing 10% fetal
bovine serum (FBS, Gibco, USA). After red cells were removed, the
remained cells were cultured for further 12–16h. Non-adherent cells
were harvested and seeded in the complete culture medium containing
30 ng/mL M-CSF (R&D, USA) for 72h to obtain BMMs [30].

2.2. Preparation of the polyacrylamide hydrogels with different substrate
stiffness

Acrylamide (40% w/v), N,N′-Methylenebisacrylamide (2% w/v),
ammonium persulfate (APS, 10% w/v) and tetra-
methylethylenediamine (TEMED) were mixed with deionized (DI)
water in proportion and the liquid was added into the gap of the double
glass plate. After the hydrogels were formed completely, a circular gel
piece was made using the corresponding punch. Different substrate
stiffness of the polyacrylamide hydrogels was developed by modulating
the concentration of cross-linker agents (Table 1), we referred to the
substrate stiffness of the three hydrogels as low, medium and high.
BMMs were plated on the polyacrylamide hydrogels. BMMs were plated
on tissue culture plate (TCP) as the control group. Partial hydrogels
were soaked in the culture medium for 48h to obtain the leachate.

2.3. Cell proliferation assay

Raw264.7 cells (murine mononuclear macrophage leukemia cells)
were seeded in the 96-well plates with the polyacrylamide hydrogel
leachate or on the hydrogels directly. At the end of the experiment, cell
counting kit (CCK-8) solution (10μL/well, Dojindo Laboratories, Japan)
was added to each well, and cells were incubated for another 2h. Cell
viability was determined using a microplate reader (BioTek, Vermont,
USA) to read the optical density (OD) at an absorbance of 450 nm.

2.4. Live/dead cell staining

Live/dead cell staining kit (Thermo fisher scientific, USA) was ap-
plied to explore the toxicity of the hydrogels to cells. In brief, BMMs
(5 × 104 cells/well) were cultured in the leachate in the 96-well plates
for 5d. Then, cells were incubated with fluorescent buffer for 0.5 h at
room temperature according to the manufacturer's instruction. BMMs
were washed twice with phosphate buffer saline (PBS) to remove the
unbounding fluorescent reagents. The live (green) or dead (red) cells
were observed and imaged by a fluorescence microscope (Zeiss
AxioImager, Germany).

2.5. Scanning electron microscope (SEM)

In briefs, BMMs were cultured on the polyacrylamide hydrogels for
3d and 5d, respectively. BMMs were fixed with 4% paraformaldehyde
(PFA) for 0.5h. The cells were dehydrated by gradient alcohol and dried
at the critical point. The morphology of BMMs on hydrogels were ob-
served by SEM (FEI Quanta 200, USA).

Table 1
The formula of the polyacrylamide hydrogels for different substrate stiffness.

Substrate stiffness 40% acrylamide solution (mL) 2% bis-acrylamide solution (mL) DI Water (mL) APS (μL) TEMED (μL)

Low 1 0.75 8.25 100 10
Middle 2.5 1.5 6 100 10
High 2.5 4.5 3 100 10
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2.6. Cytoskeleton staining

BMMs were cultured on the polyacrylamide hydrogels, respectively.
According to the phalloidin staining kit protocols (Abcam, USA), BMMs
were fixed with 4% PFA, then incubated with rhodamine-conjugated
phalloidin to stain F-actin for 0.5h in the dark. BMMs were stained with
4′,6-diamidino-2-phenylindole (DAPI) for 10min in the dark, and ob-
served by the fluorescent microscope (Zeiss AxioImager, Germany).

2.7. Analysis of macrophage phenotype by flow cytometry assay (FCA)

Macrophage phenotypic markers, CD68 and CD86 for M1 and CD68
and CD206 for M2, were selected following the previous study [31,32].
BMMs were cultured on the polyacrylamide hydrogels in the 24-well
plates (3 × 105 cells/well) for 3d and 5d, respectively. Thereafter, the
cells were stained with the fluorescent-conjugated antibodies (isotype
control antibody, CD68, CD86 or CD206, eBioscience, USA) for
30 min at 4 °C. The expression of CD68, CD86 and CD206 on BMMs
were assayed by FCA apparatus (Merck Millipore, Germany) and ana-
lyzed by FlowJo (BD, USA).

2.8. Immunofluorescence of macrophage-associated proteins

BMMs were seeded on the polyacrylamide hydrogels at a density of
4 × 104 cells/well in the presence of M-CSF (30 ng/mL) for 3d. BMMs
were fixed and stained with fluorescent-conjugated antibodies. The
specific steps were as follows: BMMs were fixed with 4% PFA for
15 min at room temperature, permeabilized with 0.1% Triton X-100 for
15min and blocked with 3% BSA-PBS for 1h. BMMs were incubated
with primary antibody for overnight at 4 °C, secondary fluorescent
antibody for 1h and DAPI (Abcam, USA) for 15min in dark place at
37 °C. Immunofluorescence images were collected using fluorescence
microscope (Zeiss AxioImager, Germany).

2.9. Quantitative real time PCR (qRT-PCR)

BMMs (3 × 105 cells/well) were plated on the polyacrylamide
hydrogels for 3d and 5d in the 6-well-plates, respectively. Total RNA of
the seeded cell was isolated using Trizol reagent (Beyotime, China)
according to the manufacturer's protocols and the concentration of total
RNA was determined by NanoDrop2000 (Thermo Fisher Scientific,
USA). Message RNA was reverse transcription to cDNA with the reverse
transcriptase kit (TaKaRa, Japan). qRT-PCR were performed (CFX96™
Real-Time system, Bio-Rad, USA). The sequences of the target genes
were listed in Table 2. The gene expression levels were normalized to β-
actin expression and analyzed according to the comparative Ct (2−ΔΔCt)
method.

2.10. Enzyme linked immunosorbent assay (ELISA) for cytokine
expressions

BMMs were incubated on the polyacrylamide hydrogels for 3d and
5d, respectively. The concentrations of cytokine profiles in the culture
supernatant were measured by ELISA assay kit (R&D Systems, USA)
according to the manufacturer's instructions and calibrated by standard
curve.

2.11. Measurement of reactive oxygen species (ROS) production

BMMs (3 × 105 cells/well) were plated on the polyacrylamide
hydrogels with different substrate stiffness for 3d and 5d in the 6-well-
plate. Fluorescent probes-2′, 7′-Dichlorofluorescent yellow diacetate
(DCFH-DA, Beyotime, China) were diluted with serum-free medium to a
final concentration of 5 μmol/L. Appropriate volume of diluted DCFH-
DA was added to the incubated cells for 0.5 h at room temperature in
dark. The cells were washed. The intensity of fluorescence was mea-
sured by FCA apparatus (Guava® easyCyte, Germany) and observed by
a fluorescence microscope at 488 nm (Zeiss AxioImager, Germany).

2.12. Western blot

BMMs were seeded on the polyacrylamide hydrogels in the 6-well
plates at density of 1.5 × 106 cells/well for 24h. Protein was extracted
with protein lysates (Beyotime, China), the concentrations were mea-
sured using the BCA Protein Assay Kit (Beyotime, China). Equal
amounts of total protein from cell lysates were electrophoresed in
polyacrylamide hydrogels and transferred to nitrocellulose (NC) mem-
brane from the polyacrylamide hydrogels. The nitrocellulose mem-
branes were incubated with primary antibody (anti-IκB, NIK, p65, pi-
p65, pi-IκB, Abcam, USA; anti-actin, Beyotime, China) with slight
shaking at 4 °C for overnight. The NC membranes were washed and
incubated horseradish peroxidase-conjugated secondary antibodies
(goat anti-rabbit IgG, goat anti-mouse IgG, Beyotime, China) for 1h at
room temperature, signals were detected by chemiluminescence.
Protein bands were showed and semi-quantified by Image Lab software
(Bio-Rad, USA).

2.13. Implantation of the polyacrylamide hydrogels to the mice
subcutaneously

C57BL/6 mice (6-week-old, male) were anesthetized with 1.5%
pentobarbital sodium intraperitoneally and the polyacrylamide hydro-
gels with different substrate stiffness (diameter 5 mm, thickness
0.75 mm) were implanted in the mice subcutaneously. After 14d, the
animals were euthanized, and the implanted samples with neighbor
skin were collected. Harvested tissues were dehydrated in 20%, 30%
sucrose solution, fixed in 4% PFA and embedded in Tissue-Tek OCT
compound (Sakura, USA) in order. Frozen sections were performed
hematoxylin-eosin (H&E) staining and immunofluorescence staining
(Mouse anti-CD68, rabbit anti-CD86 and CD206, Abcam, USA). Images
were visualized using fluorescence microscope (Zeiss AxioImager,
Germany) and the fluorescent density was quantified by Bioquant osteo
(BIOQUANT, USA).

2.14. Statistical analysis

All the data were processed with IBM SPSS Statistics 22 for
Windows. The data were presented as the mean ± standard (SD) ob-
tained from three or more experiments and statistical significance de-
termined by Student's t-test and One-way analysis of variance
(ANOVA). Statistic differences were considered significantly at
p < 0.05.

Table 2
Primer sequences specific to BMMs for qRT-PCR.

Gene Primer (5′-3′)

IL-1β sence AGTTGACGGACCCCAAAAGA
antisence GGACAGCCCAGGTCAAAGG

iNOS sence ATGCCCGATGGCACCATCAGA
antisence TCTCCAGGCCCATCCTCCTGC

Arg sence TCACCTGAGCTTTGATGTCG
antisence CTGAAAGGAGCCCTGTCTTG

TGF-β sence TGCGCTTGCAGAGATTAAAA
antisence CGTCAAAAGACAGCCACTCA

β-actin sence TCATTGACCTCAACTACATGGT
antisence CTAAGCAGTTGGTGGTGCAG
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3. Results

3.1. Polyacrylamide hydrogels have a good biocompatibility

The different elastic modulus polyacrylamide hydrogels are made
by mixing with different proportions of acrylamide (40%) and di-
methyi-bisacrylamide (2%). The morphology of the hydrogels with
three kind of the substrate stiffness was displayed (Fig. 1a). With the
concentrations of acrylamide and dimethyi-bisacrylamide increased,
hydrogels became from transparent into non-transparent. Substrate
stiffness of hydrogels was calculated from pressure and compression
rate through the compression experiment (Fig. 1b). The substrate
stiffness of polyacrylamide hydrogels was 2.55 ± 0.32 kPa,
34.88 ± 4.22 kPa and 63.53 ± 5.65 kPa (Fig. 1c), namely low,
middle and high stiffness, respectively, which was comparable to the
tissues of collagen fibers, osteoid and pre-calcified bone respectively
[8,33,34].

Cell viability is one of the most important factors for evaluating
biomedical scaffolds because it directly influences the final cellular
activities, such as proliferation and differentiation. Therefore, we per-
formed CCK-8 assay to check the viability of the cultured
Raw264.7 cells. There was no significant growth difference between the
experimental groups 1, 3, 5 and 7d after incubation, either cultured in

the leachate or directly seeded on the materials (Fig. 1d–e).
Raw264.7 cells proliferated well on the hydrogels with the different
substrate stiffness, suggesting that polyacrylamide hydrogels were not
harm to the cells.

Furthermore, cell status was confirmed by the live/dead cell
staining 5d after culture. All the cells were similar morphologically,
either in the presence of cell culture medium or the leachate of poly-
acrylamide hydrogels (Fig. 1f). In all, the developed polyacrylamide
hydrogels displayed a good cytocompatibility, and the different sub-
strate stiffness (within the certain range) did not affect cell proliferation
[35–37].

3.2. Substrate stiffness affects the macrophage attachment and morphology

BMMs obtained from mice were seeded on the polyacrylamide hy-
drogels for 5d. Their cellular morphology and cell interaction were
studied with SEM and F-actin staining. As Fig. 2a showed, cultured on
the hydrogels with low and high stiffness for 3 and 5d, BMMs were
presented in the shape of flat and round, pancake-like. The hydrogels
with middle stiffness led BMMs to elongation, the cells became long and
spindle-like. Fluorescence-labeled phalloidin can specifically bind to F-
actin in eukaryotic cells, which displayed the distribution of the micro-
filament skeleton in the cells. As expected, F-actin immunofluorescence

Fig. 1. Characterizations of the polyacrylamide hydrogels. (a) The images of the polyacrylamide hydrogels with different formula; (b) Compression test to
measure the elastic modulus of polyacrylamide hydrogels with different formula, namely low (L), medium (M) and high (H) group according to its elastic modulus;
(c) The Young's modulus of polyacrylamide hydrogels with different formula (n = 3); (d) The proliferation of Raw264.7 cells cultured in the leachate of poly-
acrylamide hydrogels (n = 5); (e) The proliferation of Raw264.7 cells seeded on the polyacrylamide hydrogels (n = 5); (f) The images of Raw264.7 cells cultured in
the leachate for 5d stained by Live/dead cell staining kit. C: TCP, L: low substrate stiffness, M: middle substrate stiffness, H: high substrate stiffness.
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staining further confirmed that the cells seeded on the middle substrate
stiffness hydrogels for 5d looked flatter and more irregular than the
cells seeded on the other hydrogels (Fig. 2b). Thus, different substrate
stiffness affects the macrophage attachment and morphology. The hy-
drogel with a stiffness comparable to that of osteoid was more favorable
for the cells to be adhesive and stretch, which may be one of the factors
affecting the cell behaves.

3.3. Substrate stiffness changes the profiles of the surface protein expressed
by the BMMs

It has been proved that M1 macrophages have an egg-shaped mor-
phology, while M2 macrophages exhibited a more spindle-shaped
morphology [31,38]. Since substrate stiffness affect cell morphology,
we further analyzed the effect of substrate stiffness on the expression
profiles of proteins produced by cells. BMMs seeded on polyacrylamide
hydrogels for 3d and 5d, respectively, and the membrane protein ex-
pression was evaluated by FCA. The expression of CD86, a marker of
M1 on CD68 positive cells displayed no significant difference between
the three groups, neither 3d nor 5d. On the contrary, BMMs on the
middle substrate stiffness hydrogels expressed significantly more
CD206 (M2 marker) compared to the cells did on the low or high
substrate stiffness hydrogels, either for 3d or 5d (Fig. 3a–d). To obtain a
direct evidence on the polarization of BMMs, the expression of M1 and

M2 related proteins of BMMs was examined by immunofluorescence
staining on 3d and 5d (Fig. 3e–h). To our surprise, the CD86 fluores-
cence intensity of BMMs seeded with low stiffness was higher than the
other two groups. More CD206 and less CD86 immunofluorescence
staining was found on the cells with the middle and high substrate
stiffness stimulation. It is indicative that middle substrate stiffness is
beneficial for the macrophages to express CD206 molecules, suggesting
an M2 shift exit. On the contrary, low substrate stiffness substrates may
be favorable for M1 phenotype polarization.

3.4. Substrate stiffness modulates cytokine secretion by the BMMs

After the incubation for 3d and 5d, the cells and culture super-
natants were collected separately and subjected to qRT-PCR and ELISA,
respectively. As shown in Fig. 4a, the gene levels of IL-1β and iNOS
expressed by BMMs treated with the low stiffness was about twice more
than the ones by the cells treated with middle stiffness. Contrarily, the
levels of anti-inflammatory genes were the lowest in the BMMs with
low stiffness stimulation. BMMs seeded on the hydrogels with middle
stiffness expressed TGF-β gene 1.25 times fold more than the cells with
the low stiffness. Remarkably, Arg-1 gene expression of the BMMs with
the middle stiffness was 4 times as expression as the one with low
stiffness for 5d.

As for the cytokine's secretion, the general trend was corresponding

Fig. 2. The morphology and actin cytoskeleton of BMMs seeded on the polyacrylamide hydrogels with different stiffness. (a) The morphology of BMMs
cultured for 3d and 5d, respectively, observed by SEM; (b) The F-actin cytoskeleton of BMMs cultured for 5d were observed by the fluorescent microscope with
phalloidin-FITC (in green) and DAPI (in blue) staining. L: low substrate stiffness, M: middle substrate stiffness, H: high substrate stiffness.
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to gene expression (Fig. 4b). With the increase of substrate stiffness, the
expression of IL-1β of the BMMs became fewer and fewer, while the
expression of anti-inflammatory cytokines (IL-4, TGF-β) became more
and more, either for 3d or 5d after incubation. Compared to the BMMs
with low substrate stiffness stimulation, BMMs with middle or high
modulus stimulation produced more pro-inflammation cytokine IL-1β
and less anti-inflammation cytokines IL-4 and TGF-β. Thus, consisting
to the previous FCA data, the data from gene and protein assays have
further proven that substrate stiffness affect macrophage physiological

process and the low substrate stiffness hydrogels polarize macrophages
toward the classical phenotype.

3.5. Substrate stiffness influences the production of the reactive oxygen
species (ROS) of BMMs

BMMs were incubated on the hydrogels with different substrate
stiffness for 3d and 5d, respectively. BMMs incubated on low substrate
stiffness hydrogels exhibited stronger green fluorescence than the cells

Fig. 3. Substrate stiffness monitored CD86 and CD206 expression of BMMs. BMMs were cultured on the polyacrylamide hydrogels with different stiffness. (a)
and (b) the representative analysis of the expression of CD68+CD86+ and CD68+CD206+ BMMs by FCA for 3d and 5d, respectively; (c) and (d) the quantitative
analysis of CD68+CD86+ and CD68+CD206+ BMMs for 3d and 5d, respectively; (e) (f) The expression of CD86 and CD206 of BMMs for 3d and 5d by immuno-
fluorescence staining; (g) (h) Quantifying CD86+ and CD206+ immunofluorescence density by Image J for 3d and 5d (Rawak Software, Germany). L: low substrate
stiffness, M: middle substrate stiffness, H: high substrate stiffness, n = 3, *p < 0.05.
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of the other two groups (Fig. 5a). Furthermore, the quantitative date of
ROS production in BMMs by FAC demonstrated that the average
fluorescence intensity of ROS decreased gradually with the substrate
stiffness increased statistically (Fig. 5b). Moreover, in the same group,
the productions of ROS of BMMs on 3d were more than the ones on 5d.
Activated macrophages can produce large amounts of ROS. ROS pro-
duction are higher in M1 macrophages compared to in M2 macrophages
[39].

3.6. Substrate stiffness modifies macrophages polarization in vivo
subcutaneously

In order to investigate the effects of different stiffness on macro-
phages polarization in vivo, we implanted the polyacrylamide hydro-
gels with low, middle and high stiffness in 6-week-old male C57/BL6
mice subcutaneously for 14d. Cellular infiltration in the different
groups was demonstrated by hematoxylin-eosin (H&E) staining
(Fig. 6a). In the sham group, no cellular infiltration was found in the
representative field. But in the hydrogel-implanted groups, cell in-
filtration happened subcutaneously. To investigate the phenotype of the
infiltrated cells, we stained the tissue cells with anti-CD68 (in green),
CD86 (in red) and CD206 (in red) fluorescent antibodies and analyzed
the expression profiles of M1 and M2. Remarkably, the representative
images (Fig. 6b–c) and the quantified data (Fig. 6d–e) showed that,
compared to the infiltrated cells around the hydrogels with low sub-
strate stiffness, less CD68+CD86+ cells and more CD68+CD206+ cells
were significantly observed in the groups with middle and high sub-
strate stiffness. It intuitively demonstrated that the low substrate stiff-
ness hydrogels caused more macrophages to be polarized to M1 phe-
notype in vivo.

3.7. Substrate stiffness regulates nuclear factor kappa-B (NF-κB) signaling
pathway in BMMs

We collected BMMs cultured on the hydrogels with different stiff-
ness to study NIK activation, p65 phosphorylation and IκB kinase de-
gradation in the cells by Western blot. As indicated in Fig. 7, compared
with BMMs seeded on the TCP, the low substrate stiffness of the hy-
drogel promoted to activate NIK of BMMs, accelerated phosphorylation
of p65 and IκB. However, with the gradually increased substrate stiff-
ness stimulation for 24h, the expression of NIK in BMMs decreased
significantly in sequence. In the same way, the ratio of phosphorylated
p65 (pi-p65)/p65 and phosphorylated IκB (pi-IκB)/IκB also declined

statistically. It is well-suggested the increased substrate stiffness en-
hanced the degradations of NIK. With the phosphorylation of p65 and
IκB happened in the BMMs with the low substrate stiffness stimulation,
NF-κB was set free and transported to the nucleus and caused down-
stream transcription of cytokines involved in the determination of
BMMs polarization. Thus, low substrate stiffness stimulation was fa-
vorable of activating NF-κB signaling in BMMs and accelerate the
production of pro-inflammation cytokines, such TNF-α and IL-1β which
has already been reported [40].

4. Discussion

Cells receive mechanical information from the extracellular en-
vironment and then change the mechanical signals to biochemical
signals through a process named mechanic-transduction, ultimately
resulting in physiological responses and changes in gene expression
[20]. During the past decades, cell matrix has attracted increasing at-
tention in tissue healing and regeneration through facilitating cell dif-
ferentiation or polarization toward a target lineage commitment. Such
as, softer substrates stimulated an average 4 times IL-2 production and
proliferation of human CD4+ and CD8+ T cells compared to stiffer
substrates [41]. In recent years, the polarization of macrophages is of
great significant since macrophage activation tends to be categorized
into a series of functions. In the present study, we investigate the in-
fluence of extracellular matrix stiffness in microenvironment on the
polarization of macrophages and the relevant mechanism.

The polyacrylamide hydrogels, as friendly biomaterials with gra-
dient stiffness, were introduced to mimic ECM alternatives of different
tissues, to study the effect of substrate stiffness on the polarization of
macrophages. Specifically, three substrates were developed by add
different concentration of acrylamide solution and bis-acrylamide so-
lution. After the polyacrylamide hydrogels coagulated, their substrate
stiffness was 2.55 ± 0.32 kPa (low, L), 34.88 ± 4.22 kPa (middle, M)
and 63.53 ± 5.65 kPa (high, H), respectively. Their gradient stiffness
is commensurate with the tissues of the collagen with Young's modulus
(E) 0.1–4 kPa, the osteoid tissue with E ~25–40 kPa and the pre-cal-
cified bone with E ~ 100 kPa, respectively [8,33,34]. Firstly, we aimed
to study the biocompatibility of the polyacrylamide hydrogel with
different substrate stiffness. In this study, we use Raw264.7 cells which
can proliferate in vitro as the target cells, the results showed that
whether the Raw264.7 cells were cultured in the supernatant or directly
on the hydrogel, the growth curves showed no significant difference
between the groups. After the BMMs were plated on the TCP or the

Fig. 4. Substrate stiffness regulated genes and cytokines expressions of BMMs. BMMs were cultured on the polyacrylamide hydrogels with different stiffness for
3 and 5d, respectively. (a) Gene expressions levels were normalized to β-actin of BMMs by qRT-PCR; (b) Secretion of cytokines in the supernatant of BMMs by ELISA.
L: low substrate stiffness, M: middle substrate stiffness, H: high substrate stiffness, n = 3, *p < 0.05.
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hydrogels for 5d, the data of live-dead cell staining showed no sig-
nificant difference in dead cells between the groups. These data sup-
ported that hydrogels with different stiffness have a good biocompat-
ibility. It also proved that substrate stiffness does not affect the
proliferation of Raw264.7 cells.

Macrophages play an important regulatory role in different phy-
siological and pathological processes. M1 release a variety of pro-in-
flammatory cytokines, immune activation factors, and chemokines,
which therefore play an acute pro-inflammatory response, immune
activation reactions, and phagocytosis [24]. In addition, it is well
documented that at the late stage of injury, infiltrated monocytes are
mainly polarized to M2 phenotype [38,42]. In addition to removing
residual debris and down-regulating inflammation, M2 also secrete
growth factors, such as TGF-β, VEGF, and EGF to promote fibroblast
proliferation, support organization regeneration, maintain organiza-
tional function, and restore body homeostasis [43].

Based on the study of the effects of substrate stiffness on macro-
phage proliferation, we investigated the regulated effects of elastic

models on the characteristics of macrophages. BMMs were cultured on
the hydrogels for 3 and 5d respectively. Interestingly, BMMs appeared
in the round shape seeded on the hydrogels with low and high modulus,
while the cells became long and spindle-like on hydrogels with middle
substrate stiffness, which was consistent with the reported study of Jan
P. Stegemann et al. [38]. Pro-inflammatory M1 macrophages generally
express IL-1β, IL-6, iNOS, and TNF-α with surface markers CD86. In
contrast, anti-inflammatory M2 macrophages produce high levels of IL-
4, ARG-1, TGF-β and IL-10 with surface markers CD163 and mannose
receptor (CD206) [16]. Herein, we tested the characteristic indicators
and the secretion of cytokines related to macrophages polarization.
BMMs with low substrate stiffness expressed more CD86, IL-1β and
iNOS and secreted more IL-1β and TNF-α in the supernatant than the
cells with middle and high substrate stiffness. On the contrary, BMMs
with middle and high substrate stiffness expressed more CD206 and
Arg-1, secreted more IL-4 and TGF-β in the supernatant than the cells
with low substrate stiffness. Therefore, substrate stiffness, did not affect
the proliferation of macrophages, but obviously affect the polarization

Fig. 5. Substrate stiffness controlled ROS production of BMMs. BMMs incubated on the polyacrylamide hydrogels with different substrate stiffness for 3d and 5d,
respectively. (a) Images by the fluorescence microscope; (b) FCA analysis of ROS production; L: low substrate stiffness, M: middle substrate stiffness, H: high substrate
stiffness, Solid red line: negative control, dash blue line: ROS, n = 3, *p < 0.05.
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Fig. 6. Substrate stiffness monitored macrophage polarization in vivo. The polyacrylamide hydrogels were subcutaneously implanted into mice for 14d. (a)
Representative slices with H&E staining; (b) and (c) Representative images with immunofluorescence staining of CD68+CD86+ and CD68+CD206+ subcutaneously;
(d) and (e) Quantification analysis of CD68+CD86+ and CD68+CD206+ immunofluorescence density by Bioquant osteo; S: sham, L: low substrate stiffness, M:
middle substrate stiffness, H: high substrate stiffness, n = 3, *p < 0.05.

Fig. 7. Substrate stiffness affected NF-κB sig-
naling pathway in BMMs. BMMs were cultured on
the polyacrylamide hydrogels for 24h. (a) The re-
presentative expression of NIK, p65, pi-p65, IκB and
pi-IκB in nuclear extracts of BMMs; (b) Quantitative
analysis of the target proteins. C: TCP, L: low sub-
strate stiffness, M: middle substrate stiffness, H:
high substrate stiffness, n = 5, *p < 0.05.
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of macrophages.
Due to the more complicated microenvironment in vivo, modulation

of macrophage phenotype represents a critical determinant of func-
tional and the failure of implanted biomaterials [20]. We transplanted
the polyacrylamide hydrogels with different stiffness under the skin of
the mouse. After 14 days of implantation, the hydrogels and tissues
were collected for morphological observation. Consistent with our in
vitro results, more CD68+CD86+ cells surround the low substrate
stiffness hydrogel, and more CD68+CD206+ macrophages surround the
middle and high substrate stiffness hydrogel. Summarily, the substrate
stiffness commensurate with the tissues of the collagen fibers, provide a
favorable ECM stiffness to drive BMMs to M1; on the other hand, the
substrate stiffness, commensurate with the tissues of the osteoid, con-
tribute BMMs to M2 polarization.

Macrophage polarization is involved in many signaling pathways,
such as NF-κB, JAK2/STAT3, ROS/ERK and mTOR signal pathway
[44,45]. NF-κB pathway is critical to regulate many aspects of normal
cellular functions as well as innate and adaptive immunity in response
to pathogens and autoimmune stimuli [46]. Its activation is regulated
by multiple levels of regulation, which can precisely adjust macrophage
functions. Ferumoxytol nanoparticles suppress tumor growth by indu-
cing M1 phenotype macrophage responses [22,47], the activation of
NF-κB is one of the important factors that induce the differentiation of
tumor associated macrophages into M1 [48]. By immunofluorescent
staining and Western blot assay, we correspondingly observed that
BMMs, stimulated with low substrate stiffness, expressed more ROS,
NIK, phosphorylated-IκB and p65, and promote the activation of NF-κB
signaling pathway. Our study further confirmed the previous research,
which NF-κB p65 nuclear translocation is a marker of M1 macrophages
[49].ROS have been reported as an upstream signaling to activate NF-
κB p65 pathway [40]. Cucurbitacin E (CuE) could dampen the expres-
sion of pro-inflammatory cytokines in LPS-stimulated Raw264.7 cells,
which was likely credited with the suppression of NF-κB nuclear trans-
location [50]. We presumed that, the polyacrylamide hydrogels with
low stiffness enhanced ROS production. The oxidative stress was linked
to the activation of NF-κB p65 pathways, which give rise to the pro-
inflammatory expression in BMMs [51].

In summary, the hydrogels with different stiffness have an effect on
macrophage polarization. When solving different diseases, a suitable
macrophage polarization for different diseases through the control of
materials substrate stiffness are necessary. The results from this study
provided a reasonable basis for the designing and selecting of appro-
priate substrates. On one hand, when designed for tumor therapy,
macrophages should be polarized to M1 phenotype thus their matrix
stiffness should be low. On the other hand, in the aspect of promoting
tissue repair, we expect that macrophages can be polarized to the M2
phenotype, substrates with comparability to osteoid stiffness hydrogels
are preferred to soft ones. Therefore, we expect that the substrate
stiffness can modulate macrophage polarization to provide promising
applications in the fields of tumor therapies and tissue repair.

So far, there are certain limitations to this study. We simply de-
monstrated that the polyacrylamide hydrogels with different substrate
stiffness are able to regulate macrophage polarization, more bioma-
terials with different substrate stiffness need to be investigate. In ad-
dition, although our study concludes that hydrogels stiffness instructs
macrophage polarization, simple mechanic-signaling and signaling
pathway does not comprehensively explain the underlying cell beha-
vior. Furthermore, the polarization of macrophages is unstable for high
substrate stiffness hydrogels, which is probably the excessive stiffness of
high substrate stiffness hydrogels cause this polarization instability.

In conclusion, our studies serve as a proof-of-concept that substrate
stiffness modulate macrophages polarization through ROS-mediated
NF-κB signaling pathway. We developed the polyacrylamide hydrogels
with various stiffness, which have good biocompatibility. Macrophage
polarization can be affected through sensing the stiffness of extra-
cellular matrix. Collagen fibers stiffness-like substrate stiffness

promotes M1 polarization, while an osteoid stiffness-like substrate
stiffness contributes to M2 polarization. Accordingly, we anticipated
substrate stiffness stimulation with immune modulation would facil-
itate the applications according to clinical needs, such as inflammation,
tissue regeneration and anti-tumor.
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