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A B S T R A C T   

Macrophage-mediated inflammation compromises bone repair in diabetic patients. Electrical signaling cues are 
known to regulate macrophage functions. However, the biological effects of electrical microenvironment from 
charged biomaterials on the immune response for regulating osteogenesis under diabetic conditions remain to be 
elucidated. Herein the endogeneous electrical microenvironment of native bone tissue was recapitulated by 
fabricating a ferroelectric BaTiO3/poly (vinylidene fluoridetrifluoroethylene) (BTO/P(VDF-TrFE)) nano-
composite membrane. In vitro, the polarized BaTiO3/poly (vinylidene fluoridetrifluoroethylene) (BTO/P(VDF- 
TrFE)) nanocomposite membranes inhibited high glucose-induced M1-type inflammation, by effecting changes in 
cell morphology, M1 marker expression and pro-inflammatory cytokine secretion in macrophages. This led to 
enhanced osteogenic differentiation of human bone marrow mesenchymal stem cells (BM-MSCs). In vivo, the 
biomimetic electrical microenvironment recapitulated by the polarized nanocomposite membranes switched 
macrophage phenotype from the pro-inflammatory (M1) into the pro-healing (M2) phenotype, which in turn 
enhanced bone regeneration in rats with type 2 diabetes mellitus. Mechanistic studies revealed that the bio-
mimetic electrical microenvironment attenuated pro-inflammatory M1 macrophage polarization under hyper-
glycemic conditions by suppressing expression of AKT2 and IRF5 within the PI3K-AKT signaling pathway, 
thereby inducing favorable osteo-immunomodulatory effects. Our study thus provides fundamental insights into 
the biological effects of restoring the electrical microenvironment conducive for osteogenesis under DM condi-
tions, and offers an effective strategy to design functionalized biomaterials for bone regeneration therapy in 
diabetic patients.   

1. Introduction 

Diabetes mellitus (DM) is one of the most common metabolic 

diseases and is anticipated to increase to over 590 million cases by 2035 
worldwide [1,2]. Following the onset of DM, patients often suffer from 
an increased incidence of bone fracture, delayed bone healing and high 
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risk of bone graft implantation failure [3,4]. Several mechanisms 
involved in diabetes-associated bone repair abnormalities are generally 
recognized, including increased levels of pro-inflammatory mediators, 
inhibition of angiogenesis and impaired osteoblast function [5–7]. 
Intensive studies have revealed that the following therapeutic inter-
vention approaches could facilitate bone healing under diabetic condi-
tions, for example the local application of anti-inflammatory cytokines 
[8], hyperbaric oxygen therapy [9] or implantation of isogenic adult 
stem cells (ASCs) [10]. Hence, it is imperative to develop an effective 
implant modification strategy to minimize these adverse effects and 
improve osteogenesis in DM patients. 

As a chronic inflammatory disease, the diabetic wound often remains 
abnormally stagnated at the early pro-inflammatory stage of the healing 
process, characterized by elevated expression levels of inflammatory 
factors including IL-1β and IL-6 [5,6]. A growing number of studies have 
demonstrated that elevated glucose levels often trigger excessive in-
flammatory activation of macrophages, suggesting that hyperglycemia 
hinders the transition from the pro-inflammatory to anti-inflammatory 
state during the healing process [11,12]. Because it is well-established 
that macrophages are key regulators of the immune response and 
healing process, intensive research have been focused on developing 
novel modifications of implant materials for modulating macrophage 
function to promote osteogenesis [13,14]. In response to microenvi-
ronmental signals, macrophages can either display pro-inflammatory 
M1 phenotype (classically-activated) or pro-healing M2 phenotype 
(alternatively-activated). These findings point to osteoimmunomodula-
tory biomaterials as a promising strategy that can enhance osteogenesis 
under hyperglycemic conditions, by promoting macrophage polariza-
tion to the M2 phenotype. 

It is reported that the electrical microenvironment plays an impor-
tant role in bone regeneration [15,16]. Studies have reported that 
electrical signaling cues could modulate macrophage migration, 
phagocytic activity and cytokine production [17,18]. However, little 
attention has been focused on the biological effects of restoration of 
electrical microenvironment on macrophage polarization and 

subsequent osteogenesis under DM conditions. Therefore, in this study, 
the biomimetic electrical microenvironment mimicking native bone 
extracellular matrix (ECM) was recapitulated by polarized BaTiO3/poly 
(vinylidene fluoridetrifluoroethylene) (BTO/P(VDF-TrFE)) ferroelectric 
nanocomposites, which has been shown to have excellent osteogenic 
effects in our previous study [19]. As illustrated in Scheme 1, the elec-
trical dipoles of BTO NPs are reoriented. Consequently, opposite charges 
are generated on both sides of membranes after corona poling treatment. 
When the negative charge side of the nanocomposite membrane is 
implanted inward covering the bone defect area, it can form an enclosed 
electrical microenvironment with the negatively charged bone wall. 
Within such a restored electrical microenvironment, M1 macrophages 
under hyperglycemic conditions could be induced into the M2 pheno-
type with reduced IL-6 secretion, through inhibition of AKT2-IRF5 
signaling, thereby creating a favorable osteo-immunomodulatory envi-
ronment. Consequently, endogenous bone marrow mesenchymal stem 
cells (BM-MSCs) can be induced to differentiate into osteoblasts and 
rapid bone regeneration is exhibited within the 
osteo-immunomodulatory microenvironment induced by the polarized 
nanocomposite membranes. 

2. Materials and methods 

2.1. Fabrication and characterization of BTO/P(VDF-TrFE) 
nanocomposite membranes 

The BTO/P(VDF-TrFE) nanocomposite membranes were prepared 
using the solution casting method as described by our previous study 
[19]. Firstly, BTO NPs (Alfa Aesar, Heysham, UK) were stirred in 0.01 
mol/L of dopamine hydrochloride (Alfa Aesar, Heysham, UK) aqueous 
solution for 12 h at 60 ◦C. Then, to form a stable suspension, powders 
consisting of the modified BTO NPs and P(VDF-TrFE) (Arkema, Paris, 
France) co-polymers were uniformly dispersed in N, N - dime-
thylformamide (DMF) solvent by ultrasonication and mixing. Next, the 
solution was cast into membranes with a thickness of about 30 μm. The 

Scheme 1. Illustration of how electric microenvironment promotes osteogenesis in diabetes mellitus by modulating macrophage polarization. After corona poling 
treatment, the surface of the ferroelectric nanocomposite membrane displays induced charges. Within the electrical microenvironment, macrophages exhibit less M1 
polarization and more M2 polarization. The polarized nanocomposite membranes downregulate AKT2-IRF5 signaling that induces macrophages to the M2 
phenotype, which indicates a favorable osteo-immunomodulatory environment. Hence mimicking the endogeneous electrical microenvironment promotes osteo-
genic differentiation of BM-MSCs mediated by macrophages, thereby improving bone regeneration. The purple arrow denotes the osteogenesis of BM-MSCs. The grey 
arrows denote the suppressed M1 phenotype of macrophages. The red arrows denote the downregulated expression of AKT2 and IRF5, and improved M2 phenotype 
of macrophages. 
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membranes were then polarized using corona discharge with a DC field 
of 13 kV. 

High-resolution transmission electron microscopy (HR-TEM, 
JEOL2011, JEOL, Tokyo, Japan) was performed to examine the coatings 
of modified BTO NPs. Field emission scanning electron microscopy (FE- 
SEM, S-4800, HITACHI, Tokyo, Japan) and X-ray diffraction spectros-
copy (XRD, Rigaku D/max 2500 VB2t/PC, Rigaku Corporation, Tokyo, 
Japan) were used to characterize the surface morphology and crystal-
lization. Atomic force microscopy (AFM, Auto-Probe CP, Park Scientific 
Instruments, San Francisco, USA) was performed to assess the surface 
roughness. To characterize the electrical properties, the polarization− -
electric field (P− E) loop and piezoelectric coefficient (d33) were 
detected by a ferroelectric analyzer (TF1000, aixACCT Systems GmbH, 
Aachen, Germany) and a piezoelectric coefficient meter (ZJ-3AN, 
IACAS, Beijing, China) respectively. 

2.2. Cell culture 

Human monocytic THP-1 cells were maintained in glucose-free 
Roswell Park Memorial Institute medium (RPMI 1640, Hylcone, Utah, 
USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, 
California, USA), 100 IU/ml penicillin-streptomycin and 5.5 mM D- 
glucose. THP-1 cells were differentiated into macrophages by treatment 
with 50 nM phorbol 12-myristate 13-acetate (PMA, P1585, Sigma, 
Missouri, USA) for 48h. High glucose cultured (HG) macrophages were 
incubated in glucose-free RPMI-1640 medium containing 10% (v/v) 
FBS, 100 IU/mL penicillin-streptomycin and 25 mM D-glucose to simu-
late uncontrolled sugar levels in diabetic patients. The high mannitol 
(HM) control macrophages were cultured in glucose-free RPMI-1640 
medium containing 10% (v/v) FBS, 100 IU/mL penicillin-streptomycin 
5.5 mM D-glucose and 19.5 D-manitol as an osmotic pressure control. 
After culturing for two days, macrophages (5 × 105 cells/ml) were 
subsequently analyzed. Macrophages were polarized into M1 or M2 
phenotypes by treatment with 100 ng/ml LPS (L4391, Sigma, Missouri, 
USA) or 40 ng/ml IL-4 (204-IL-050, RD, Minnesota, USA) respectively. 
For RT-qPCR, ELSIA and Western blotting experiments, cells were 
treated with 100 ng/ml LPS as an inflammatory stimulator. To investi-
gate the effects of AKT-IRF5 signaling on macrophage polarization 
following exposure to an electrical microenvironment, cells were co- 
cultured with LY294002 (S1737, Beyotime, Haimen, China) for 24h. 
Human BM-MSCs were obtained from Cyagen Bioscience Inc., and were 
cultured in Dulbecco’s modified Eagle medium (S1737, Beyotime, Hai-
men, China) supplemented with 10% (v/v) FBS and 100 IU/mL 
penicillin-streptomycin. After two passages, BM-MSCs (5 × 104 cells/ 
ml) were utilized in subsequent experiments. To investigate the effects 
of macrophages (cultured on various materials) on osteogenesis, BM- 
MSCs were cultured in media made up of collected macrophage cul-
ture supernatants and Human Mesenchymal Stem Cell Osteogenic Dif-
ferentiation Medium (Cyagen Biosciences Inc., Guangzhou, China) 
containing 10% (v/v) FBS, 100 U/mL Penicillin-Streptomycin, 0.2 mM 
Ascorbate, 10 mM β-Glycerophosphate, 10− 7 M Dexamethasone) at a 
ratio of 1:2. The normal culture medium without THP-1 cell supernatant 
was utilized as the control. 

2.3. Cell spreading and imummocytochemistry 

For assessment of cell spreading, the adherent cells on the various 
samples were fixed with 2.5% glutaraldehyde (w/v) and dehydrated 
through a graded ethanol series (30–100%) after 24h of culture. The cell 
morphology was examined by SEM. For iNOS staining, adherent mac-
rophages were fixed in 4% (w/v) paraformaldehyde, and incubated with 
primary antibody against iNOS (ab15323, Abcam, Cambridgeshire, UK), 
followed by staining with FITC-conjugated goat anti-rabbit secondary 
antibody (ab150081, Abcam, Cambridgeshire, UK). Finally, the cell 
nuclei were labeled with 2-(4-amidinophenyl)-1H-indole-6-carbox-
amidine (DAPI, Roche, Basel, Switzerland). To evaluate osteogenic 

differentiation, immunocytochemical staining to detect osteogenic 
protein marker expression in BM-MSCs, including Runx-2, BMP-2 and 
COL1A, were performed for a period of 7 days, and images were 
captured under a confocal laser scanning microscope (Leica, Weztlar, 
Germany). Primary antibodies utilized include rabbit polyclonal anti- 
Runx-2 (ab23981, Abcam, Cambridgeshire, UK), anti-BMP-2 (ab6285, 
Abcam, Cambridgeshire, UK), and anti-COL I (ab6308, Abcam, Cam-
bridgeshire, UK). Goat anti-rabbit (ab150081, Abcam, Cambridgeshire, 
UK) and goat anti-mouse antibodies (ab150115, Abcam, Cambridge-
shire, UK) were utilized as secondary antibodies. The cell spreading area 
and integrated optical density (IOD) of iNOS immunostaining on the 
different materials were analyzed with the Image-pro Plus 6.0 software. 

2.4. Flow cytometry analysis 

Expression of M1 and M2 macrophage makers CD11c, CCR7 and 
CD206, respectively, were examined by flow cytometry. The cells were 
detached by scraping after 24h of culture. Cells were fixed in 4% (w/v) 
paraformaldehyde, blocked with 1% (w/v) BSA/PBS, and then incu-
bated with antibodies against CD11c (301608, Biolegend, California, 
USA), CCR7 (353213, Biolegend, California, USA) and CD206 (321104, 
Biolegend, California, USA), respectively. The cells were then analyzed 
by a FACScalibur (BD Biosciences, New Jersey, America) instrument. 

2.5. Microarray analysis 

Total RNA from cells cultured on nanomembranes was extracted 
using the TRIzol reagent (Invitrogen, Carlsbad, Canada) and purified 
with Rneasy Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. Then Clariom D Array (Affymetrix Gen-
eChip, Santa Clara, CA) was performed to construct the mRNA expres-
sion profiling. The raw data were normalized with Robust Multichip 
Analysis (RMA) algorithm and then analyzed by Affymetrix Tran-
scriptome Analysis Console (TAC) Software (version4.0, Santa Clara, 
CA). 

2.6. RT-qPCR and ELISA analysis 

After culture for 1 day, macrophages on various samples were har-
vested by TRIzol (15596026, Invitrogen, California, USA). The extracted 
RNA was then reverse transcribed into cDNA using a reverse transcrip-
tion system (RR037A, Toyobo, Osaka, Japan). The expression of genes, 
including IL-1β, IL-6, TNF-α, MIP-1α and MCP-1, was analyzed by an 
Applied Biosystems QuantStudio 3 thermocycler, utilizing the Quanti-
tect Sybr Green Kit (Roche, Basel, Switzerland). The osteogenic gene 
marker expression of BM-MSCs, including Osterix, BMP-2 and BSP, were 
analyzed at the 7day timepoint using the same method. The primer se-
quences for the target genes are listed in Table S1. 

To evaluate the cytokine secretion profile, the culture medium was 
collected after 1 day of culture. The secretion of IL-1β (ab214025, 
Abcam, Cambridgeshire, UK) and IL-6 (ab178013, Abcam, Cambridge-
shire, UK) was assayed according to the manufacturer’s instructions. 

2.7. Western blotting 

Cells were seeded on materials 1 day before the extraction of total 
cellular proteins, which were then subjected to SDS-PAGE and blotted 
onto nitorcellulose membranes according to standard protocols. After 
blocking with 5% (w/v) BSA, the membranes were incubated with pri-
mary antibodies against phosphorylated AKT2 (p-AKT2, 8599S, CST, 
Boston, USA), AKT2 (ab175354, Abcam, Cambridgeshire, UK), phos-
phorylated AKT (p-AKT, 4640, CST, Boston, USA), AKT (4685, CST, 
Boston, USA), IRF5 (20261S, CST, Boston, USA), HIF-1α (ab16066, 
Abcam, Cambridgeshire, UK), NF-κB (AF1234, Beyotime, Haimen, 
China) and β-actin (AF5003, Beyotime, Haimen, China). HRP- 
conjugated goat anti-mouse antibody (A0216, Beyotime, Haimen, 
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China) and HRP-conjugated goat anti-rabbit antibody (A0208, Haimen, 
China) were utilized as secondary antibodies. Western blot images were 
captured using the ChemiDoc Touch Imaging System (Bio-rad, Califor-
nia, USA). 

2.8. Effects of macrophage-conditioned medium on the osteogenic 
differentiation of BM-MSCs 

The Alkaline Phosphatase (ALP) activity of BM-MSCs was evaluated 
after 7 days of culture by an ALP activity assay kit (P0321, Beyotime, 
Haimen, China), according to the manufacturer’s instructions. To assess 
ECM mineralization, the co-cultured cells were stained with 1% (w/v) 
Alizarin red S (A5533, Sigma, Missouri, USA) after 21 days of induction 
culture. For quantitative analysis, the alizarin red stain was dissolved in 
10% (w/v) cetylpyridinium chloride (PHR1226, Sigma, Missouri, USA), 
prior to absorbance measurements at 620 nm. 

2.9. In vivo immune response and evaluation of bone regeneration 

2.9.1. Establishment of DM rat model and surgical procedures 
All animal experiments were conducted in accordance with estab-

lished ethical guidelines of the Animal Care and Use Committee of 
Peking University. Type 2 diabetes was established according to previ-
ously published protocol [8]. Briefly, six-week-old male 
Sprague-Dawley rats were fed with a high-fat diet (D12492, Research 
Diets, New Jersey, USA) for 4 weeks, and then injected with low-dose 
streptozotocin (30 mg/kg, S130, Sigma-Aldrich, Missouri, USA). Dia-
betes was considered to be successfully induced when fasting glucose 
levels were consistently over 11.1 mmol/L for 2 weeks. Subsequently, all 
animals were fed regular diets. 

A total of twenty-four SD rats were utilized in the calvarial defect 
model as previously reported [19]. Firstly, the rats were anesthetized by 
intraperitoneal injection of 40 mg/kg pentobarbital sodium solution. 
Then a saline-cooled trephine drill was utilized to make two 
critical-sized full thickness bone defects (5 mm diameter) in rats at the 
center of each parietal bone. The right and the left defects were covered 
with polarized or unpolarized 5% (v/v) BTO NPs nanocomposite 
membranes, respectively. Whole calvarias were collected for evaluation 
at week 4 and week 8 post-implantation. 

2.9.2. Flow cytometry and confocal fluorescence microscopy 
To investigate the effects of the implanted polarized membranes on 

the immune response, flow cytometry and immunofluorescence staining 
were performed to assay macrophage polarization in interstitial fluids 
collected at the defect sites and on materials. The procedures were 
carried out as previously described in the above sections. The anti- 
CD11b (ab25533, Abcam, Cambridgeshire, UK), anti-CD11c (ab11029, 
Abcam, Cambridgeshire, UK), anti-CD206 (ab64693, Abcam, Cam-
bridgeshire, UK), donkey anti-mouse (ab150105, Abcam, Cambridge-
shire, UK) and goat anti-rabbit (ab150081, Abcam, Cambridgeshire, UK) 
antibodies were utilized in flow cytometry analysis. The anti-CD68 
(ab955, Abcam, Cambridgeshire, UK), anti-iNOS (ab15323, Abcam, 
Cambridgeshire, UK), anti-CD206 (ab64693, Abcam, Cambridgeshire, 
UK), goat anti-mouse (ab150115, Abcam, Cambridgeshire, UK) and goat 
anti-rabbit antibodies (ab150081, Abcam, Cambridgeshire, UK) were 
utilized in immunofluorescence staining. 

2.9.3. Microcomputed tomography (μ-CT), immunohistochemistry and 
histology analysis 

The specimens were examined with μ-CT as previously described. A 
modified Feldkamp algorithm was performed to reconstruct files, which 
was created utilizing a microtomographic analysis software (Tomo NT, 
Skyscan, Kontich, Belgium). The quantitative analysis of bone volume to 
total volume (BV/TV), bone mineral density (BMD), trabecular-number 
and trabecular-thickness was performed on the defect region. 

For immunohistochemistry and histological analyses, tissue 

processing and sectioning after the removal of nanomembranes were 
performed, as described by our previous study [19]. Briefly, 
paraffin-embedded tissue samples were sectioned at 5 μm thickness after 
dehydration in a graded ethanol series (70–100%). Then mouse poly-
clonal anti-IL-6 (ab9324, Abcam, Cambridgeshire, UK) and 
HRP-conjugated goat anti-mouse antibodies (ab205719, Abcam, Cam-
bridgeshire, UK) were utilized for immunohistochemistry analysis. 
Based on the manufacturer’s instruction, H&E staining and Masson’s 
trichrome staining were carried out separately for histological obser-
vations, and digital images were captured under polarized light micro-
scopy (CX21, Olympus, Tokyo, Japan). 

2.10. Statistical analysis 

All results were expressed as means ± SD. Statistical comparisons 
between groups were analyzed using one-way analysis of variance 
(ANOVA). A value of p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. The design and fabrication of biomimetic electroactive 
nanocomposite membranes 

To mimic the electrical microenvironment of native bone ECM, 
polarized BTO/P(VDF-TrFE) nanocomposite membranes were fabri-
cated by utilizing a straightforward solution-casting method (Fig. 1a) 
according to our previous study [19]. Polydopamine coating of BTO NP 
(Fig. S1a) was used to improve the interface compatibility with P 
(VDF-TrFE) matrix, which gives rise to a more uniform distribution of 
BTO NPs throughout the films (Fig. 1b). Various analyses such as X-Ray 
diffraction (XRD) spectra (Fig. S1b), ferroelectric behavior with hys-
teresis loops (Fig. 1c) and atomic force microscope (AFM) analysis 
(Figs. 1d and S1d) were performed to confirm that the fabricated BTO/P 
(VDF-TrFE) membranes were similar to that of our previous study [19]. 
This nanocomposite membrane has a surface potential that was similar 
to physiological values, which has been validated by our previous 
research [19]. The electrical stability test results under simulated 
physiological conditions (Fig. S1c) showed that the continuous stable 
piezoelectric coefficient (about 8.19 pC/N) of the nanocomposite 
membrane is consistent with that of native bone [20]. These results thus 
imply that our nanocomposite membrane might have the ability to 
provide a electrical microenvironment to enhance osteogenesis under 
hyperglycemic conditions. 

3.2. Electrical microenvironment attenuates M1 macrophage polarization 
under hyperglycemic conditions 

Hyperglycemia is considered a key hallmark in diabetic pathology, 
and inflammation is an essential part of the pathological process [5]. 
Macrophages are key innate immune cells which coordinate inflamma-
tory and healing processes via a delicate balance between two distinct 
polarization states: classically-activated M1 macrophages and 
alternatively-activated M2 macrophages. We first established a model to 
evaluate the influence of high glucose (HG) conditions on macrophage 
polarization. Cell morphology has been reported to modulate the 
polarized state of macrophages [21]. Microscopy images showed that 
HG-cultured cells displayed the largest cell spreading area and adopted a 
fried egg-like shape with much filopodia that presented a typical M1-like 
appearance, unlike the more typical round shape that indicates a resting 
non-activated macrophage (M0), as observed in the normal glucose (NG) 
and high mannitol (HM) groups (Figs. S2a and b). The expression of 
specific markers such as iNOS by M1 macrophages were assessed by 
immunocytochemistry. iNOS expression was obviously enhanced in the 
HG group while there were no discernible differences between the NG 
and HM groups (Figs. S2c and d). Furthermore, population polarization 
trends were evaluated by flow cytometry analysis for M1 (CD11c) and 
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Fig. 1. Fabrication and characterization of BTO/P(VDF-TrFE) composite membranes. (a) Schematic representation of BTO/P(VDF-TrFE) nanocomposite 
membrane fabrication. (b) Representative SEM images of nanocomposite membranes. The white arrow denotes the BTO NPs. (c) The hysteresis loops of unpolarized 
and polarized BTO/P(VDF-TrFE) membranes. (d) Surface roughness analysis of unpolarized and polarized membranes (n = 3). 

Fig. 2. Electrical microenvironment regulates phenotypic changes in high glucose induced macrophages. (a, d and e) Representative SEM images and 
quantitative analysis of cell area and spindle cell ratio of macrophages cultured with different conditions. (b, f) Representative immunofluorescence images and 
quantitative analysis of iNOS (green) and cell nuclei (DAPI, blue) in macrophages cultured for 24h. (c, g) Flow cytometry and quantitative analysis of cell surface 
markers CD11c and CCR7 under different conditions. (h, i) The mRNA expression levels and secretion of representative cytokine genes in LPS-stimulated macrophage 
cultured on various different materials. *denotes significantly different from the UP-NG group, # denotes significantly different from the UP-HG group (n ≥ 3). 
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M2 (CD206) markers. M1 polarization was markedly up-regulated in the 
HG group that is consistent with iNOS expression, while no significant 
differences were observed in M2 polarization between groups (Fig. S2e). 
Macrophages contribute to tissue repair by secretion of various cyto-
kines [22]. RT-qPCR analysis showed that the expression of 
pro-inflammatory genes such as TNF-α, IL-6, MIP-1α and MCP-1 were 
significantly increased in the HG versus control group, while there were 
no significant differences in response to hyperosmotic conditions 
(Fig. S2f). Similarly, an increase of IL-6 and IL-8 secretion was observed 
in LPS-stimulated U937 monocytes exposed to high glucose [23]. These 
results thus indicate that high glucose conditions promote macrophage 
polarization to the M1 phenotype, which is known to impede wound 
healing [24]. 

The immunomodulatory effects of polarized nanocomposite mem-
branes were further investigated in the hyperglycemic macrophage 
model. SEM imaging showed that macrophages presented a fried egg- 
like shape with much filopodia on unpolarized membranes cultured 
with high glucose concentration (UP-HG), while most cells displayed a 
typical round appearance on the unpolarized membranes cultured with 
normal glucose concentration (UP-NG) or polarized membranes 
cultured with high glucose concentration (P-HG) (Fig. 2a and Fig. S3a). 
Additionally, some cells in the UP-NG and P-HG groups adopted a 
spindle-like shape. Meanwhile, the cell spreading area and spindle cell 
ratio analysis showed that cells in the UP-HG group exhibited M1-like 
shape and large spreading area, while some cells in the P-HG group 
displayed a spindle-like shape that is considered typical M2-like 
morphology (Fig. 2d and e) [21]. Moreover, as shown in Fig. S3b, it 
was obvious that the area of focal adhesion (FA) in the UP-HG and P-HG 
groups were greater than that of UP-NG group. The FA of the UP-HG 
groups exhibited a dense ring-like pattern, whereas the polarized 
nanomembranes were mostly distributed in the unilateral region. 
Therefore, the differences in FA formation and morphology clearly 
indicated that macrophages would be more prone to M1 type activation 
in the UP-HG group, as compared to the UP-NG and P-HG groups. 

Next, we evaluated effects on macrophage polarization under 
different conditions. The immunofluorescence staining data and quan-
titative analysis showed that polarized membranes significantly atten-
uated iNOS expression (Fig. 2b, f). With regards to M1 macrophage 
surface markers, an obvious increase in CD11c and CCR7 expression 
were observed in macrophages exposed to high glucose concentration 
(UP-HG), as compared to macrophages exposed to normal glucose 
concentration (UP-NG) or high glucose concentration with an electrical 
microenvironment (P-HG) (Fig. 2c, g). Moreover, the ratio of M2 mac-
rophages (CD206+) was increased on the polarized nanomembranes (P- 
HG), as compared to the UP-HG group (Fig. S4). These results suggest 
that the biomimetic electrical microenvironment could attenuate high 
glucose induced M1 macrophage polarization and promote M2 macro-
phage polarization. 

To further evaluate the cytokine production profile, RT-qPCR and 
ELISA assays were performed. There were significantly up-regulated 
expression of the pro-inflammatory cytokine gene markers including 
IL-1β, IL-6, TNF-α, MIP-1α and MCP-1 in the UP-HG group upon LPS 
stimulation (Fig. 2h). Meanwhile, the expression levels of pro- 
inflammatory gene markers were significantly down-regulated, while 
IL-10 expression was obviously up-regulated on the polarized nano-
membranes (P-HG), as compared to unpolarized membranes (UP-HG). 
Moreover, the secretion of IL-1β and IL-6 demonstrates that the elec-
trical microenvironment could mitigate the stimulatory effects of high 
glucose in promoting pro-inflammatory cytokine secretion by macro-
phages (Fig. 2i). All these results thus imply that the electrical micro-
environment could neutralize the inductive effects of high glucose in 
stimulating pro-inflammatory cytokine production by macrophages 
upon LPS treatment. 

Our data on cell spreading, M1 marker expression, pro-inflammatory 
gene expression and cytokine production showed that the pro- 
inflammatory M1 phenotype of macrophages was enhanced by high 

glucose, but these pro-inflammatory effects were obviously attenuated 
on polarized nanocomposite membranes. Hence, it can be inferred that 
the biomimetic electrical microenvironment could restore the balance of 
macrophage function under hyperglycemic conditions, which resulted 
in a favorable osteo-immunomodulatory effect. 

3.3. Electrical microenvironment promotes osteogenic differentiation by 
modulating macrophage polarization in vitro 

The osteogenic differentiation of BM-MSCs cultured with macro-
phage conditioned medium was further evaluated by analyzing osteo-
genic gene and protein expression, ALP activity and mineral deposition 
(Fig. 3). After incubation for 7 days, expression levels of the osteogenic 
gene markers BMP-2 and BSP were significantly downregulated in cells 
cultured with UP-HG versus UP-NG conditioned medium, while the 
expression levels of Osterix, BMP-2 and BSP were significantly upregu-
lated in cells cultured with P-HG versus UP-HG conditioned medium 
(Fig. 3a). The ALP activity assay showed a similar trend with the UP-HG 
group exhibiting the lowest ALP activity level. By contrast, P-HG dis-
played the highest ALP activity level (Fig. 3b). Moreover, Alizarin Red 
staining and quantitative analysis demonstrated that only small miner-
alized nodules were observed in the UP-HG group, but the negative ef-
fect of high glucose levels on osteogenic differentiation was 
counteracted in the P-HG group (Fig. 3c). Additionally, it is apparent in 
the immunostaining images that the protein expression levels of Runx-2, 
BMP-2 and COL1 were decreased in the UP-HG versus UP-NG group, but 
were recovered in the P-HG group (Fig. 3d, e, f and g). All these results 
thus suggest that the electric microenvironment displays excellent 
macrophage mediated osteoinductivity under hyperglycemic condi-
tions. This favorable effect could be attributed to macrophages exhib-
iting reduced expression of IL-6, a typical pro-inflammatory cytokine, 
which is closely associated with bone resorption in diabetic patients 
[25]. 

3.4. Restored electrical microenvironment regulates macrophage 
polarization and improves bone regeneration in diabetes mellitus rats 

We next investigated whether the electrical microenvironment can 
exert positive effects on bone defect repair in a diabetic rat model. 
Polarized nanocomposite membranes were implanted to cover freshly- 
formed 5-mm critical-sized calvarial defects in rats with type 2 dia-
betes mellitus. As shown by the flow cytometry analysis data (Fig. 4a), 
the polarized nanocomposite membrane group displayed lower pro-
portions of M1 macrophages (CD11b+CD11c+) at day 4 and signifi-
cantly higher M2 polarization (CD11b+CD206+) at day 14, as 
compared to unpolarized nanocomposite membranes. Moreover, similar 
trends were also observed in iNOS and CD206 expression by adherent 
macrophages in the immunocytochemistry data (Fig. 4c). These results 
suggest that polarized membranes inhibited M1 polarization at early 
inflammatory stages, but enhanced M2 polarization during the wound 
healing stage [26–28]. In addition, markedly higher expression of the 
M1 inflammatory cytokine IL-6 was also demonstrated by immunohis-
tochemical staining. After 1 week, we observed markedly higher 
expression of IL-6 on the unpolarized versus polarized nanocomposite 
membrane group (Fig. 4b), which is consistent with the results in vitro. 

Subsequently, the effects on the M2/M1 ratio mediated by electrical 
microenvironment on bone regeneration were investigated in the pres-
ence of diabetes. As evidenced by micro-CT images, polarized group 
promoted more new bone formation than unpolarized group at both 
week 4 and week 8 post-surgery. Especially, the defect site was almost 
completely filled with newly regenerated bone in the polarized group, 
whereas only a thin layer of newly regenerated bone was observed in the 
unpolarized group after 8 weeks of implantation (Fig. 4d). As expected, 
the quantitative analysis results showed that the polarized nano-
composite membranes led to a substantial increase in BV/TV, BMD and 
trabecular number, and a slight increase in trabecular thickness at week 
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8 post-implantation. (Fig. 4f and Fig. S5). Furthermore, as evidenced by 
H&E and Masson’s trichrome staining, mature osteoid tissue was present 
and the skull was mostly reconstructed in polarized membranes group, 
while a large amount of fibrous connective tissue still occupies the 
center of the defect in unpolarized membranes group after 8 weeks of 
implantation (Fig. 4e). These results thus indicate that the polarized 
BTO/P(VDF-TrFE) nanocomposite membrane is a promising immuno-
modulatory biomaterial that can regulate local inflammation to provide 
a favorable osteo-immunomodulatory microenvironment, thereby 
accelerating bone regeneration under DM condition. Surface properties 
of implanted biomaterials have long been considered as key parameter 
that could guide macrophage polarization and improve bone healing 
efficiency under diabetic conditions [29–31]. Therefore, our results 
identified electrical properties as a new crucial parameter of bio-
materials that can modulate macrophage polarization and bone 
regeneration. 

3.5. The AKT2-IRF5 signaling axis was downregulated within 
macrophages under hyperglycemic conditions in an electrical 
microenvironment 

Having established that the electric microenvironment plays a 

pivotal role in regulating macrophage fate, we next investigated how the 
polarized nanocomposite membranes influence macrophage polariza-
tion. To elucidate the underlying mechanisms of electrical microenvi-
ronment mediated immuno-regulatory osteogenesis, gene microarrays 
were performed to analyze temporal mRNA expression patterns on 
different membranes. A large number of differentially-expressed genes 
were identified in the various groups (Fig. S6a). The hierarchical cluster 
analysis of differentially overlapping gene among these groups showed 
that macrophages on polarized nanomembranes exhibited a gene 
expression profile that was more similar to the control group, as 
compared to unpolarized membranes, which indicated that the elec-
trical microenvironment could mitigate the adverse effects of high 
glucose on macrophage gene expression (Fig. S6b). Subsequently, 
pathway enrichment analysis indicated that the PI3K-AKT pathway was 
correlated with suppressed expression of M1 phenotypic markers 
(Fig. 5a). Furthermore, a growing body of scientific literature has 
demonstrated that AKT plays a key role in regulating macrophage het-
erogeneous polarization [32,33]. AKT2, IRF5 and STAT1 are the master 
regulators of M1 activation, while AKT1 is the key regulator of M2 
activation [34,35]. In this study, significantly different AKT2 expres-
sions at the mRNA and protein levels were observed in the different 
groups (Fig. 5b, c and Fig. S7a). Phosphorylation is known to be 

Fig. 3. Macrophage heterogeneity affects behavior of BM-MSCs cultured in vitro. (a) The mRNA expression levels of osteogenic gene markers in BM-MSCs 
cultured in conditioned medium for 7 days. (b) ALP activity assay of BM-MSCs at one week. (c) Representative images and quantitative analysis of Alizarin Red 
S staining of BM-MSCs cultured for 21 days. (d, e, f and g) Representative immunostaining images and quantitative analysis of RUNX-2 (green), BMP-2 (red), COLI 
(red) and cell nuclei (DAPI, blue) in BM-MSCs cultured for 7 days. * denotes significantly different from the UP-NG group, # denotes significantly different from the 
UP-HG group (n ≥ 3). 
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indispensable for AKT function in the regulation of biological processes. 
Downregulation of phosphorylated AKT2 with specific agents was 
demonstrated to attenuate M1 polarization (Fig. 5f, g and Fig. S7b). 
These results thus confirmed that phosphorylated AKT2 and AKT2 play 
crucial roles in electrical microenvironment-mediated macrophage po-
larization and induced bone regeneration. 

Furthermore, IRF5, a key transcriptional factor, has been reported to 
regulate glycolysis and human M1 macrophage activation via AKT2 
activation [36]. In this study, we found that IRF5 and HIF-1α expression 
were significantly upregulated in macrophages on unpolarized mem-
branes exposed to high glucose conditions, whereas there was signifi-
cantly downregulated expression on polarized membranes (Fig. 5b, 
d and Fig. S7c). Moreover, a marked reduction of IRF5 expression was 

accompanied by inhibition of AKT2 phosphorylation (Fig. 5e and 
Fig. S7d). Additionally, the expression of HIF-1α, a master regulator of 
glycolysis, displayed similar trends [37]. These results thus demon-
strated that AKT2 and IRF5 could reciprocally regulate each other to 
control macrophage cell fate. Taken together, the electric microenvi-
ronment could sequentially modulate AKT2-IRF5/HIF-1α signaling to 
effect macrophage polarization, glycolysis, and osteogenic differentia-
tion of BM-MSCs, thereby improving bone regeneration under DM 
conditions. 

4. Conclusion 

In conclusion, we demonstrate that the polarized ferroelectric 

Fig. 4. Restored Electrical microenvironment regulates immune function and bone defect repair in diabetic rats. (a) Flow cytometry analysis of macrophage 
phenotype at 4d and 14d. (b) Immunohistochemical imaging of IL-6 expression in histological sections at week 1 post-implantation. The black arrows denote IL-6 
positive regions. (c) Representative immunostaining images of M1 (CD68+iNOS+) and M2 (CD68+CD206+) at day 14. (d) Representative micro-CT images of 
critical-sized rat calvarial full-thickness defects at week 4 and week 8 post-implantation. The yellow circles and rectangles denote the defect sites. (e) HE and 
Masson’s trichrome staining of histological sections at week 8 post-implantation. The black arrows denote the line between nascent bone and host bone. (NB, nascent 
bone; FT, fibrous tissue; MC, medullary cavity; OT, osteoid tissue; MT, mineralized tissue). (f) Quantitative analysis of BV/TV, BMD and trabecular number. *denotes 
significantly different from the UP group (n = 3). 
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nanocomposite membranes with conducive electrical properties can 
modulate macrophage polarization and osteogenic differentiation of 
BM-MSCs, thereby enhancing bone regeneration by mimicking the 
endogeneous electrical microenvironment of native bone tissues. Our 
data conclusively showed that the electrical microenvironment induced 
by the polarized ferroelectric nanocomposite membranes improved the 
osteo-immunmodulatory microenvironment and promoted osteogenesis 
via the AKT2-IRF5 signaling pathway. Our findings on electrical 
microenvironment-mediated osteoimmunomodulation offer a prom-
ising and efficient strategy for facilitating bone regeneration under DM 
conditions. This study provides the basis for further research and 
development of electroactive biomaterials, which might have important 
clinical significance for achieving a favorable immunomodulatory 
microenvironment for tissue regeneration and treatment of diseases 
linked with inflammation, such as arthritis and atherosclerosis. 
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