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Abstract

Diabetic wound is the leading cause of non-traumatic amputations in which 

oxidative stress and chronic inflammation are main factors affecting wound healing. 

Although conventional mesenchymal stem cells (MSCs) living material can promote 

skin regeneration, they are still vulnerable to oxidative stress which limits their 

clinical applications. Here, we have prepared (lactic-co-glycolic acid) (PLGA) 

nanofibers electrospun with LPS/IFN- activated macrophage cell membrane with 

the capacity to immunostimulate bone marrow derived mesenchymal stem cells 

(BMMSCs) and investigated the effects of this living material on diabetic wound 

healing. After defining the physic-chemical properties of LPS/IFN- activated 

RAW264.7 cell(a mouse M1 macrophage cell line model)  membrane modified 

nanofibers (RCM-fibers), including surface molecule, diameter, hydrophilicity and 

degradation rate, we demonstrated that the RCM-fibers not only improved BMMSC 

proliferation and keratinocyte migration upon oxidative stress in vitro, but also 

accelerated BMMSCs-mediated wound closure with rapid re-epithelialization, 

collagen remodeling, immunoregulation, antioxidant stress and angiogenesis in 

experimental diabetic wound healing in vivo. Transcriptome analysis revealed the 

up-regulation of genes related to wound healing in BMMSCs upon RCM-fiber 

immune-stimulation. Enhanced healing capacity of RCM-fiber-BMMSCs living 

material was partially mediated through CD200-CD200R interaction. Similarly, 

LPS/IFN- activated THP-1 cell(a human M1 macrophage cell line model)  

membrane coated nanofibers (TCM-fibers) exhibited the similar improvement of 

human BMMSCs (hBMMSCs) on the diabetic wound healing in vivo. Our results thus 

demonstrate that LPS/IFN- activated macrophage cell membrane-modified 

nanofibers can in situ promote the biofunction of BMMSCs, making this novel living 

material promising in wound repair for human diabetes. 

Key words: Diabetic wound healing, M1-like macrophages, cell membrane, 



electrospun nanofibers, bone marrow-derived mesenchymal stem cells

1．Introduction

Conventional biomaterials-based platform, like nanofibers or hydrogels, 

provides biophysical support as well as integrates bioactive molecules to instruct 

biological functionality in tissue regeneration[1]. Although these biomaterials have 

been successfully applied in pre-clinical investigations, considering our tissues are 

composed of living cells and cell-secreted extracellular matrices (ECMs) capable of 

adapting to diverse biological scenarios, living materials have been conceptualized 

and further engineered. These engineered living materials possess multiple 

advantages including capable of generating biologics responding to local 

environment and yielding more adaptations through autonomously biological 

behaviors[2]. At present, bacteria, fungi and stem cells have been used in living 

materials for a range of applications such as biosensing, tissue regeneration and drug 

delivery[3, 4]. Living materials exhibit “living character” through living cells on 

polymeric matrice blocks constructing bioactive and bioresponsive units[5]. Until now, 

living materials containing mesenchymal stem cells (MSC), keratinocytes or 

fibroblasts have been highly recommended in wound care and wound management 

lies in the fact that they are either demonstrated to ameliorate wound healing 

processes (like MSCs) or main components in the wound regions to be 

reprogrammed during wound healing[6]. Polymeric matrices of living materials are 

likely to improve regenerative performances over conventional biomaterials partially 

through providing more cell adhesion capability, maintaining the merits and 

characteristics of MSCs, as well as promoting cell survival, proliferation, and 

differentiation through mimicking the in vivo microenvironment via cell–matrix 

interactions[7]. 

Diabetes associated nonhealing chronic wounds have become one of the main 

common complications among non-traumatic amputations nowadays. Although 

wound care management is well documented including haemostasis, anti- 

inflammation, cell proliferation and remodeling[8, 9], diabetic wounds is still 

refractory to currently available treatment for chronic wounds owing to several 



unsolved difficulties including increased regional oxidative stress, dysfunctionality of 

immune cells and keratinocytes as well as impaired angiogenesis etc [10]. In addition, 

high glucose and subsequent oxidative stress in wound regions of diabetic patients 

also cause severe damage to the cells of living materials. Considering the alteration 

of internal environment suffering from chronic diseases such as diabetes, the cells of 

living materials might be affected and the living materials may not execute normal 

function. The design of living materials according to pathologic circumstance for 

wound healing still needs inspiration.

Among nanofiber living materials, nanofiber scaffolds provide a solid matrix for 

cell attachment and proliferation, and supply physicochemical and/or bioactive cues 

to the resident cells[11]. The interactions between the cells and the scaffolds are of 

particular importance as these interactions determine the survival and function of 

the cells[12]. Therefore, scaffolds, typically made of polymeric biomaterials such as 

polymeric nanofibers, are often modified with cell surface receptors for intracellular 

signaling, which may alter protein expression and modulate cell function of the 

resident cells[13]. The lipid membranes not only shield the nanofibers from the 

external environment but also provide a biomolecule-friendly medium in which to 

anchor cell surface receptors and preserve their integrity and functionality[14]. 

Although these bottom-up functionalization approaches are sufficient to present 

individual receptors or receptor combinations to the resident cells in the scaffolds, 

they are generally inadequate for recapitulating the complexity and functions of cell 

surface which are critical for cell–cell interaction and cell functions in the scaffolds[15]. 

Therefore, cell membranes derived from living cells are coating directly on polymeric 

nanofibers, which becomes a new and robust strategy in nanofiber scaffold 

modification to improve the biofunctionality of living materials. 

The use of cell membranes to cloak synthetic nanoparticles through a top-down 

fabrication method has emerged as a promising technique for nanomaterial surface 

functionalization[16]. Such a cloaking technique bestows nanoparticles with 

comprehensive properties and functions of the resident cells. A variety of cell 

membrane-coated nanoparticle systems have been developed with unique features 



and functions. Cell membrane from different cell types (for instance red blood cells, 

platelets, leukocytes, cancer cells, and bacteria) are incorporated on different 

synthetic nanoparticles (like polymeric nano-particles, gold nanoparticles, and silica 

nanoparticles)[17]. These biomimetic nanoparticles have been used in a wide range of 

biomedical applications including drug delivery, photodynamic therapy, 

detoxification, and vaccination[18]. Unlike cell membrane-coated nanoparticles, cell 

membrane cloaking materials exhibit the properties drastically different from those 

of spherical nanoparticles. More precisely, immune cell membrane cloaking 

technique has not been used on the modification of nano-materials. Whether 

electrospun nanofibers carrying immune cell membrane will protect MSCs residing in 

the nanofibers under pathologic circumstance of diabetic wound and improve their 

function is not clarified and needs to be investigated.

    It has already been addressed that activated MSCs by interferon (IFN)- 

exhibited stronger wound healing functions than MSCs themselves alone[19]. In 

addition, plenty of studies have demonstrated that the interactions between 

macrophages and MSCs supported biological function and behaviors of MSCs both in 

vitro and in vivo[20-22]. Considering that macrophages exert the immunomodulation 

on bone marrow MSCs (BMMSCs) through cell-cell contact[23], whether macrophage 

cell membrane coated nanofiber scaffolds has in situ immunostimulation on 

BMMSCs with living material advantages is also worthy of exploration. 

In this study, poly (lactic-co-glycolic acid) PLGA nanofiber, a scaffold material 

being approved for several biomedical applications including tissue engineering[24-26], 

was electrospun with the cytomembrane from LPS/IFN- activated macrophages  

and further used to load BMMSCs to construct a novel living material. We firstly 

addressed the biophysical properties of LPS/IFN- activated RAW264.7 cell(a mouse 

M1 macrophage cell line model) membrane modified nanofibers (RCM-fibers) 

including the diameter, hydrophilicity and degradation rate. We further 

demonstrated that the RCM-fibers could improve the proliferation of BMMSCs and 

keratinocyte migration under oxidative stress in vitro. With the construction of RCM-

fiber-BMMSCs as a living material, it accelerated diabetic wound healing with better 



re-epithelialization, collagen remodeling, antioxidant stress and angiogenesis 

compared to the Un-fiber-BMMSCs. The effects of the RCM-fibers on gene 

expression of BMMSCs were detected by transcriptome analysis, which further 

validated that improved healing functions of RCM-fiber-BMMSCs were partially 

realized through CD200-CD200R (Scheme 1). Of note, we also demonstrated that the 

nanofibers modified by cytomembrane from LPS/IFN- activated human THP-1 

cells(a human M1 macrophage cell line model) (TCM-fibers) exhibited similar effects 

on promoting human BMMSC (hBMMSC) proliferation and keratinocyte migration 

upon oxidative stress. Being a living material, TCM-fiber-hBMMSCs also exhibited the 

advantages in diabetic wound healing. These results support that LPS/IFN- activated 

macrophage cell membrane-modified nanofibers can in situ promote the biofunction 

of BMMSCs, making this novel living material promising in wound repair for human 

diabetes. 

2．Results 

2.1 RCM-fibers promote the proliferation of BMMSCs and enhance their resistance 

to oxidative stress.

Although extensive studies have demonstrated that BMMSCs were able to 

accelerate cutaneous wound healing[27], their vulnerability to environmental stress 

limits their long-term efficacy in clinic. We therefore prepared cell membrane from 

mouse macrophage cell line RAW264.7 treated with LPS and IFN- in vitro and 

electrospun on PLGA nanofier scaffolds to prepare the RCM-fibers. The distribution 

of RAW264.7 cell membranes on the nanofibers was confirmed by coumarin (green) 

and Dil (red) staining, two lipophilic reporters for cell membrane (Fig. 1A). Western 

blotting analysis further demonstrated the enrichment of Na+/K+-ATPase (a plasma 

membrane-specific marker) and CD11c (a M1-like macrophage cell membrane 

specific marker) on the RCM-fibers whereas no Na+/K+-ATPase and CD11c were 

detected on the Un-fibers (the nanofibers without cell membrane loading) (Fig. 1B). 

Comassie blue staining of protein profiles from the RCM-fibers was similar to those 



from cell membrane of LPS/IFN- activated RAW264.7 (Fig. 1C). By using a scanning 

electron microscope (SEM), it was found that the RCM-fibers had a smooth outer 

surface and long fibrous morphology (Fig. 1D). The fibers loaded with cell membrane 

exhibited the diameters mainly in the range of 100-150 nm (Fig. 1E), which is aligned 

with the previous report[28]. In addition, the RCM-fibers exhibited significantly 

improved hydrophilicity with lower water contact angel when compared to the Un-

fibers (Fig. 1F). The degradation rate of the Un-fibers was slower than the RCM-fibers 

(Fig. 1G).  

 Next we cultured BMMSCs with either the RCM-fibers or the Un-fibers 

exposed to H2O2 for 1, 4 and 7 days, and determined the proliferation of BMMSCs 

through CFDA-SE staining for live cells. On day 1, no obvious difference in green 

fluorescence was observed between two types of the nanofibers. However, on day 4 

and day 7, more green fluorescence in the RCM-fibers was detectable when 

compared to that in the Un-fibers, demonstrating better proliferation of BMMSCs on 

the RCM-fibers (Fig. 1H). We also used the CCK-8 assay to determine the 

proliferation of BMMCs with either the RCM-fibers or the Un-fibers upon oxidative 

stress induced by H2O2. It was similar that the RCM-fibers supported the 

proliferation of BMMSCs with more extent when compared to the Un-fiber-BMMSCs 

group (P < 0.05) (Fig. 1I). Therefore, PLGA nanofibers electrospun with LPS/IFN--

treated RAW264.7 cell membrane (the RCM-fibers) is more favorable to support the 

proliferation of BMMCs than the Un-fibers especially under oxidative stress in vitro. 

2.2 RCM-fiber-BMMSCs accelerate wound closure accompanied by collagen 

remodeling and increased neovascularization in the wound areas of experimental 

diabetic mice. 

Since the RCM-fibers possessed more advantages in promote the proliferation 

of BMMSCs in vitro, we next seeds mouse BMMSCs on the RCM-fibers to prepare the 

RCM-fiber-BMMSCs as a living material and investigated their effects on wound 

repair in experimental diabetes mice (Fig. 2A). No difference in body weight and 

blood glucose levels was observed among mice receiving treatments (Fig. S1). It was 



apparent that there displayed the increase in wound closure rate in the RCM-fiber-

BMMSCs group than other four groups from day 5 (Fig. 2B). When calculating the 

remaining wound areas among different groups at day 15, it was found that the 

RCM-fiber-BMMSCs group showed the smallest wound area (2.94 ± 2.26% to Day 0) 

compared to the Un-fiber-BMMSCs group (13.09 ± 1.90%), the RCM-fibers group 

(24.05 ± 2.81%), the Un-fibers group (37.28 ± 1.71%) and control group 

(38.58±3.03%) with dramatic difference (Fig. 2C).

Wound re-epithelialization is one of the key features to evaluate the outcome of 

wound healing. Based on histological assessment of wound tissues after 15 days, it 

was showed that complete re-epithelialization occurred in the RCM-fiber-BMMSCs 

group when compared to the Un-fiber-BMMSCs and other groups with clear 

formation of epidermis, dermis and hypodermis layers similar to normal skins 

adjacent to the wounds (Fig. 2D). Epithelial formation can also be assessed by 

epithelial thickness. It was found that RCM-fiber-BMMSCs treatment led to complete 

epidermis formation within the early time period. The epidermal thickness was the 

most remote in the RCM-fiber-BMMSCs group (0.02 ± 0.006 mm) among five groups 

(Fig. 2E) whereas other groups exhibited more epidermal thickness.

 Masson’s trichrome  staining  was further performed  to  visualize  

keratin and collagen composition in the wounds among different groups at day 15. It 

was found that compared to control diabetic mice with only scattered, unstructured 

and a small amount of collagen deposition in the wound areas. By treatment with 

Un-fibers, RCM-fibers and Un-fiber-BMMSCs, there was increased collagen 

deposition with wound closure. However, RCM-fiber-BMMSCs group has less total 

collagen deposition than Un-fiber-BMMSCs group. (Fig. 3A). Picrosirius red staining 

has been performed to discriminate between mature and immature collagens in the 

wound areas. Immature collagen (regarded as Collagen Type 3) was labeled in 

green/yellow while organized and mature collagen fibers (regarded as Collagen Type 

1) were labeled in orange/red. The RCM-fiber-BMMSCs treated wounds were largely 

composed of green/yellow collagen fibers (immature collagen deposition) and 

intermixed in a basket weave orientation, indicating normal healing. On the contrary, 



in the wounds from the Un-fibers group, the RCM-fibers group or the Un-fiber-

BMMSCs group, orange/red collagen fibers were dominant with parallel orientation 

implying the fibrosis of the local regions (Fig. 3B). When calculating the ratios of 

immature and mature collagen deposition among different groups, it was found that 

there was less mature Collagen 1 and more immature Collagen 3 in the wound 

regions treated with the RCM-fiber-BMMSCs living material (Fig. 3C). 

It is recognized that BMMSCs alone are still vulnerable to oxidative stress during 

wound healing. Our in vitro assay demonstrated that the RCM-fiber-BMMSCs 

possessed more resistance to H2O2-induced oxidative stress with better proliferation 

capacity. To evaluate the efficacy of the RCM-fiber-BMMSCs in the resistance to 

oxidative stress in diabetic wound therapy, we stained the wound skins with 8-OHdG 

(a biomarker for DNA oxidative damage). It was found that the wounds treated with 

the RCM-fiber-BMMSCs had less 8-OHdG staining than either with the Un-fiber-

BMMSCs or other groups on day 7 post wounding (Fig. 3D, i). In addition, 

neovascularization in skin wounds is also one of key therapeutic objectives during 

wound healing. It was apparent that higher proportions of CD31+ cells, an indicator 

for angiogenesis in the wound areas were observed upon the treatment of the RCM-

fiber-BMMSCs than other groups at day 7 (Fig. 3D, iii), demonstrating the improved 

angiogenic ability of the RCM-fiber-BMMSCs. By using CK10 staining (differentiation 

marker keratin K10), we further validated better re-epithelialization with more CK10 

expression in the wound areas from RCM-fiber-BMMSCs treated group when 

compared to other groups (Fig. 3D, ii). Collectively, these results support that the 

RCM-fiber-BMMSCs accelerate diabetic wound closure with the capability to 

collagen remodel and fasten the angiogenesis in the wound areas.

2.3 RCM-fiber-BMMSCs treatment leads to decreased inflammation in diabetic 

wound regions.

Since long-term and excessive inflammation prolongs the healing process of 

diabetic wounds, whether the RCM-fiber-BMMSCs also reduce the inflammatory 

responses during diabetic wound repair is further investigated. The percentages of 



F4/80+CD86+ macrophages have been decreased in accordance with the lowest 

percentages of F4/80+TNF-α+ cells in the wound areas upon RCM-fiber-BMMSCs 

treatment. On the contrary, the percentages of F4/80+CD206+ macrophages were 

the highest on day 7 post-wounding when receiving RCM-fiber-BMMSCs treatment 

(Fig. 4A and 4B). We also determined the expression levels of IL-1β (a vital 

inflammatory cytokine) and IL-10 (an immunosuppressive cytokine) in wound 

regions by RT-PCR. It was found that IL-1β expression was prominently reduced in 

wound tissues on day 7 after RCM-fiber-BMMSCs treatment (Fig. 4C) whereas the 

level of IL-10 was exaggerated (Fig. 4D). These data demonstrate that RCM-fiber-

BMMSCs treatment is inclined to suppress local inflammation with more extent 

through the suppression of inflammatory cytokine production and induction of 

inhibitory cytokine (IL-10).

    Being a promising immunotherapeutic living cell product, BMMSCs have been 

demonstrated to secrete extensive bioactive mediators among which tumor necrosis 

factor-induced protein 6 (TNFAIP6) [23, 29], Lipocalin-2 (Lcn-2)[30-32], chemokine (C-C 

motif) ligand 2(Ccl2)[33-35] and leukaemia inhibitory factor (Lif)[36-38] exert multiple 

functions including cell survival, immunomodulation, keratinocyte migration, 

angiogenesis and resistance to antioxidative stress respectively, which are critical for 

tissue repair in vivo. Therefore, expression levels of four genes were detected by RT-

qPCR in wound regions at the early time after the transplantation. It was significant 

that all four genes displayed remarkably increased expressing levels in the wounds 

when treated with the RCM-fiber-BMMSCs compared to the Un-fiber-BMMSCs 

whereas the wounds from the mice treated with the fibers without loading BMMSCs 

expressed low levels of four genes (Fig. 4E). These results further indicate that RCM-

fiber-loaded BMMSCs serves as a living material to induce less inflammatory 

environments in wound areas, which is largely associated with accelerating diabetic 

wound healing.

2.4 The RCM-fibers enhance the expression of wound healing related genes in 

BMMSCs facilitating kerotinocyte migration and less inflammation.



To define the molecular signatures of BMMSCs regulated by the RCM-fibers, 

BMMSCs were cocultured with either the RCM-fibers or the Un-fibers in vitro and 

the transcriptomes were compared after the cocultures by using RNA-sequencing 

(Fig. 5A). Based on the RNA-seq results, there were 449 genes upregulated and 275 

genes down-regulated in BMMSCs cocultured with the RCM-fibers when compared 

to those with the Un-fibers. GO enrichment scatter plot analysis revealed that the 

genes related to immunoregulation, cell proliferation, angiogenesis and cell 

migration were increased dramatically in RCM-fibers-cocultured BMMSCs (Fig. 5B). 

Consistent with the results from in vivo wound samples, four wound healing related 

genes we detected in wound areas including Ccl2, Lif, TNFAIP6 and Lcn2 were 

significantly higher in RCM-fiber-coclutured BMMSCs than those with Un-fiber-

treated BMMSCs (Fig. 5C), which was also validated by RT-qPCR (Fig. 5D). 

Furthermore, in vitro assays were performed to verify the influence of the RCM-

fiber-BMMSCs on keratinocyte migration. Mouse keratinocyte cell line JB6 were 

cocultured with the RCM-fiber-BMMSCs or the Un-fiber-BMMSCs in the transwells 

with the addition of H2O2 to mimic oxidative stress (Fig. 5E). To avoid the 

interference of cell proliferation, JB6 cells were starved without the serum for 24 h 

before the injury. It was found that RCM-fiber-BMMSCs based migration of JB6 cells 

was faster than those with the Un-fiber-BMMSCs. Within 36 h, the injury has nearly 

covered by JB6 cells with the incubation of the RCM-fiber-BMMSCs in the transwell 

whereas still open in Un-fiber-BMMSCs based group (Fig. 5F and 5G), which 

indicated that the RCM-fibers enhanced BMMSCs’ ability to resist oxidative stress 

and promoted keratinocyte migration. 

We also compared the effects of the RCM-fiber-BMMSCs and the Un-fiber-

BMMSCs on macrophage differentiation in vitro (Fig. 5H). RAW264.7 cells treated by 

LPS and IFN-γ exhibited dramatic upregulation of CD86 and reduction of CD206 

(named as RM1) (Fig. 5I, left). Incubation of RM1 cells with either the RCM-fiber-

BMMSCs or the Un-fiber-BMMSCs in the transwell dramatically reduced the 

expressions of CD86 and maintained CD206 expressions (Fig. 5I, middle and right). 

More significantly, incubation with the RCM-fiber-BMMSCs reduced the intracellular 



TNF-α level when compared to RM1 cells alones or those incubating with the Un-

fiber-BMMSCs (Fig. 5J). From in vitro investigations, we validate gene signatures of 

the BMMSCs regulated by the RCM-fibers most of which are associated with wound 

healing, supporting the roles of the RCM-fibers in BMMSCs to promote kerotinocyte 

migration and reduce the inflammation. 

2.5 CD200R-CD200 ligation is engaged in accelerated diabetic wound healing by the 

RCM-fiber-BMMSCs.

From the RNA-seq, it was found that CD200 was dramatically upregulated on 

BMMSCs incubated with the RCM-fibers (Fig. 5C and 5D). To define whether CD200-

CD200R ligation is involved in the therapeutic effects of the RCM-fiber-BMMSCs on 

diabetic wound repair, we incubated the RCM-fiber-BMMSCs with anti-CD200R 

blocking antibody firstly and applied to the wound healing in diabetic mice. It was 

found that with the incubation of anti-CD200R antibody with the RCM-fiber-BMMSCs, 

the residual wound rates have been slowed down when compared to isotype control 

group (Fig. 6A). At day 15, the wound areas was 22.18±4.01% with anti-CD200R 

treatment, which was significantly higher than isotype control (3.98 ±3.40%) (Fig. 6C). 

H&E staining of skin wounds on day 15 also demonstrated that there was more 

mature epidermis in RCM-fiber-BMMSCs group upon anti-CD200R treatment 

compared to that with isotype control group (Fig. 6B) with the increase in epidermis 

thickness (Fig. 6D). In addition, results from masson's trichrome staining also 

revealed more collagen deposition in anti-CD200R-RCM- fiber-BMMSCs treated 

tissues at day 15 when compared to IgG-RCM-fiber-BMMSCs treated wounds (Fig. 

6E). 

In parallel, we have knocked down CD200 expressions in BMMSCs with shRNA 

and prepared the RCM-fiber-BMMSCs(CD200KO) to evaluate the impacts on wound 

healing. Consistent with the results from anti-CD200R blocking assay on the RCM-

fiber-BMMSCs, the RCM-fiber-BMMSCs(CD200KO) also slowed down wound closure 

when compared to the RCM-fiber-BMMSCs groups (Fig. 6F) with more residual 

wounds at day 5, day 10 and day 15 (Fig. 6H). There also existed more epidermis 



thickness in RCM-fiber-BMMSCs with CD200 deficiency compared to control 

BMMSCs (Fig. 6G and 6I) with more collagen deposition at day 15 (Fig. 6J). Picrosirius 

red staining showed that the wounds upon RCM-fiber-BMMSCs(CD200KO) treatment 

had more Collagen 1 deposition and less Collagen 3 deposition when compared to 

the RCM-fiber-BMMSCs-control or untreated groups (Fig. 6K and 6L), which was 

similar to anti-CD200R treatment (Fig. S2). The expression levels of TNFAIP6 were 

lower in the wound regions upon RCM-fiber-BMMSCs (CD200KO) treatment than the 

counterpart group (Fig. 6M). Based on the results from anti-CD200R blocking assay 

and knockdown of CD200 in BMMSCs, we conclude that CD200R-CD200 ligation is 

largely engaged in accelerated diabetic wound healing mediated by the RCM-fibers-

BMMSCs.

2.6 LPS/IFN activated THP-1 cell membrane-modified nanofiber scaffolds improve 

the effects of human BMMSCs in diabetic skin wound healing.

Our aforementioned results indicated that mouse-derived RCM-fibers-BMMSCs 

were apparently able to ameliorate wound healing process. We further modified the 

nanofibers with cell membrane from human derived THP-1 cells pre-treated with LPS 

and IFNwhich exhibited similar properties to the RCM-fibers (Fig. 7A-D).   

Electrospun nanfibers loading human BMMSCs (hBMMSCs) were prepared similarly 

as a living material named as the TCM-fiber-hBMMSCs. Their effects on diabetic 

wound healing were evaluated as well. It was evident that the TCM-fiber-hBMMSCs 

also accelerated wound closure with the smallest residual wound area especially at 

day 15 when compared to other groups (Fig. 8A and 8B). Results from H&E staining 

indicated that the differentiation of epidermal cells and the formation of hair follicles 

were enhanced upon the treatment of the TCM-fiber-hBMMSCs (Fig. 8C and 8D). In 

wound regions there showed faster collagen remodeling (Fig. 8E), increased Collagen 

3 deposition and less Collagen 1 deposition in TCM-fiber-hBMMSCs treated group 

(Fig. 8F and 8G). Therefore, similar to the RCM-fiber-BMMSCs, the TCM-fiber-

hBMMSCs living material also promotes wound healing with less epidermis thickness 

and more collagen deposition close to normal skins.



3. Discussion

In the present study, we have modified nanofibers with LPS/IFN activated 

macrophage cell membrane which is demonstrated to promote the proliferation of 

BMMSCs and enhance their resistance to oxidative stress. BMMSCs loading on cell 

membrane-nanofibers also accelerated wound closure in diabetes mice. LPS/IFN- 

treated macrophage cell membrane-modified nanofibers loading BMMSCs thus 

become an alternative potential immuno-activated living material to improve the 

clinic applications of BMMSCs in the future. 

Biomaterials have been widely used in tissue regeneration. An ideal biomaterial 

possesses essential properties such as hierarchical architecture and extracellular 

matrices (ECM) similar to native tissues[39]. Nanofibers have been widely used in 

regenerative engineering due to their feasibility in modification, making them more 

interactive with tissue environment and providing regenerative signals to the 

tissues[40]. Among multiple modifications, cell membrane modified nanofibers exhibit 

more advantages due to strong hydrophilicity, high velocity of degradation and 

fruitfulness of bona fide surface molecules anchoring on live cells[28]. In our study, we 

used LPS/IFN activated macrophage cell lines-derived cytomembrane to modify 

nanofibers. Both mouse RAW264.7 and human THP-1 cell lines belong to monocyte 

lineages that can be easily activated to different macrophage subtypes based on 

conditional cytokines such as LPS/IFNfor M1-like macrophages and IL-4 for M2-like 

macrophages[41]. Herein the reason we used LPS/IFNfor stimulation of cell lines was 

largely because it has been reported as the optimized condition for the proliferation 

and functions of BMMSCs. In fact macrophage-MSC crosstalk in part generates 

paracrine signals to affect cell differentiation which is related to the outcome of 

tissue regeneration. Although exosomes from MSCs can affect the differentiation of 

inflammatory (M1) and regenerative (M2) macrophages[42], M1 or M2 macrophages 

can also secrete multiplex bioactive molecules to guide MSC differentiation and 

affect their survival and proliferation[43]. We have used LPS/IFNactivated 

macrophage cell membrane to modify the nanfibers because previous studies have 



already demonstrated the efficacy of M1 macrophages to support the survival and 

proliferation of BMMSCs. In our study, TNFAIP6 could be induced in BMMSCs when 

they were loaded on LPS/IFNactivated macrophage (M1) cell membrane-containing 

nanofibers whereas little was detectable in BMMSCs with nanofibers only or with IL-

4 activated macrophage (M2) cell membrane-containing nanofibers (Fig. S3). This 

can further support the roles of M1-like macrophage in modulating regenerative 

properties of BMMSCs. 

What is more, based on our results the nanofibers modified with 

LPS/IFNactivated macrophage cell membrane exaggerate the resistance of 

BMMSCs to oxidative stress. When BMMSCs are transplanted to the wound regions, 

hypoxic environments are usually generated with increased reactive oxygen species 

(ROS)[44] which may inhibit the proliferation and immunoregulation of BMMSCs[45] 

whereas increase senescence and adipogenic differentiation of BMMSCs[46]. In our 

study, the RCM-fibers not only favor BMMSC proliferation in oxidative stress (Fig. 1H 

and 1I), but also promote the migration of kerotinocytes in vitro (Fig. 5F and 5G). 

This was consistent with rapid re-epithelialization and wound closure in diabetic 

mice. RCM-modified nanofibers thus largely augment the resistance of BMMSC to 

harmful microenvironments. 

When the RCM-fibers were used to load BMMSCs (RCM-fiber-BMMSCs) for in 

vivo diabetic wound healing in mice, more advantages were shown up including 

epidermal formation, collagen remodeling and angiogenesis. These events are all key 

steps for skin regeneration that are interacted. Firstly, keratinocytes activation and 

differentiation are strongly associated with epidermal formation[47]. In our study we 

have observed incomplete differentiation of keratinocytes in the Un-fibers, RCM-

fibers and Un-fiber-BMMSCs treated wounds. Keratinocyte migration is also 

accelerated in RCM-fiber-BMMSCs treated wounds leading to complete remodeling 

within the speculated time period. Secondly, the RCM-fiber-BMMSCs also promoted 

rapid accumulation of epidermal cells in the wound areas developing mature 

epithelial structures such as hair follicles, making the skin regenerated more rapidly. 

Thirdly, during initial wound healing there was increased fibroblast proliferation 



followed by the deposition of immature collagen 3, which is mainly applied for 

wound closure and avoid further damage[48, 49]. Therefore collagen remodeling and 

collagen composition in wound areas are also key features to evaluate the 

regeneration of the wounds. In this study, we have observed less total collagen and 

chiefly immature collagen deposition in the wounds treated with the RCM-fiber-

BMMSCs. Fourthly, since defective angiogenesis is also present in diabetic wounds 

due to enhanced mitochondrial ROS production[46], we have also observed more 

angiogenesis in wound areas upon RCM-fiber-BMMSCs treatment. All these data 

strong support that the RCM-fibers remodel BMMSCs with more features to 

promote diabetic wound regeneration. The RCM-fiber-BMMSCs thus display the 

advantages in maintaining the cell functionality and remodeling wound environment, 

making this living material more promising in wound repair.

To further define the molecular signatures of BMMSCs induced by the RCM-

fibers, we have performed the RNA-seq to compare the gene expression profiles of 

BMMSCs upon the RCM-fibers and the Un-fibers treatments. It was found that the 

expressions of skin regeneration-related genes including Ccl2, Lif, TNFAIP6 and Lcn2 

were dramatically increased both in vitro and in vivo.  TNFAIP6 improves immune 

regulation and accelerates collagen remodeling[23, 29]. Lcn2 promotes BMMSCs 

proliferation in oxidative stress and keratinocytes migration[30-32]. Lif protects against 

diabetic wound from oxidative stress[36-38]. Ccl2 accelerates vascularization in the 

wounds[33-35]. The increase in the expressions of four genes in RCM-fiber-loaded 

BMMSCs is extremely consistent with high efficacy of wound closure and related skin 

regeneration in diabetic mice. The in situ immune-stimulation on BMMSCs by the 

cell membrane both in vitro and in vivo largely favor the bio-functionality of this 

living material.   

Moreover, from RNA-seq analysis we have identified the upregulation of CD200 

in BMMSCs that was strongly associated with RCM-fiber-BMMSCs mediated wound 

healing. Both anti-CD200R treatment and silencing CD200 in BMMSCs restrained the 

wound healing effects when compared to RCM-fiber-BMMSCs treatments. 

Recent research revealed that direct contact with M1-type macrophages not only 



increased production of TNFAIP6 but also upregulated CD200 expression on 

BMMSCs[23]. CD200 is widely expressed in DC, thymocytes, B cells, MSCs, the central 

nervous system nerves, and other hematopoietic and non-hematopoietic tissue-

derived cells[50]. It can interact with its ligand CD200R to trigger the recruitment and 

phosphorylation of Dok-2 and 1, which then bind to RasGAP [51]. In macrophages and 

mast cells, this cascade has been shown to inhibit the phosphorylation of ERK, P38, 

and JNK, and the activation of myeloid cells[52]. Although we did not determine the 

cell types expressing CD200R in wound regions, the regulatory roles of CD200-

CD200R signaling defined in other cell types are consistent with the observation that 

the RCM-fiber-BMMSC treatment led to low inflammation in the wound areas. The 

exact mechanisms will be investigated further. 

Last but not the least, we have also demonstrated the efficacy of human-

derived BMMSCs in promoting diabetic wound healing in mice when loaded on 

electrospun nanofibers with LPS/IFN- activated M1-like THP-1 macrophage 

cytomembrane. hBMMSCs can be either injected topically or applied with various 

matrix including nanofiber scaffolds, hydrogels, extracellular matrix derivatives and 

dermal substitutes[53, 54]. They are demonstrated to promote skin wound healing by 

multiple mechanisms including releasing bioactive molecules, reducing the 

inflammation, stimulating resident cells and remodeling extracellular matrix[55]. 

Herein using the TCM-fibers, hBMMSCs have accelerated the repairment of diabetic 

wounds, which is similar to mice-derived RCM-fiber-BMMSCs. We have also 

observed the improvement of the TCM-fibers on hBMMSCs proliferation (Fig. 7). The 

TCM-fiber-BMMSCs have promoted human keratinocyte migration under oxidative 

stress (Fig. 7G and 7H). Cell membranes derived from both human and mice LPS/IFN-

 activated M1-like macrophages modulate BMMSCs with similar patterns. Similar 

therapeutic effects of RCM-fiber-BMMSCs and TCM-fiber-hBMMSCs living materials 

on diabetic wound healing to some extent validate the universality of M1-like 

macrophage membrane modified nanofibers as an alternative scaffolds for BMMSCs 

in clinical application of wound repair in the future. 



4. Conclusion

Collectively, we have prepared the nanofibers electrospun with LPS/IFN- 

activated macrophage cell membrane to immunostimulate human or mice BMMSCs 

as a novel living material for diabetic skin regeneration. Our results reveal that cell 

membrane coated electrospun nanofibers not only augment the proliferation of 

BMMSCs under oxidative stress in vitro, but also make BMMSCs accelerate wound 

healing in diabetic mice through favoring immunoregulation, keratinocyte migration, 

collagen remodeling, antioxidant stress and neovascularization. This is in part due to 

upregulation of CD200 on BMMSCs induced by cell membrane-loaded nanofibers, 

leading to CD200R-CD200 ligation and subsequently gene expressions change. We 

have thus provided an alternative engineering way of nanofiber scaffolds to develop 

a novel living material for the improvement in diabetic chronic wound management.

5. Materials and methods

5.1. Cell culture

Human bone marrow-derived mesenchymal stem cells (hBMMSCs) and mouse 

BMMSCs were purchased from Cyagen Biosciences Co., Ltd (Guangzhou, China). 

RAW264.7, JB6 cell, THP-1 cell and HACAT cell were purchased from Beina 

Biotechnology Co., Ltd (Guangzhou, China). All cells were maintained according to 

the company's instructions. RAW264.7 cells were treated with 1 μg/mL 

Lipopolysaccharides (LPS) (Sigma-Aldrich) and 20 ng/mL Interferon (IFN)-γ (Sigma-

Aldrich) for 12 h. THP-1 cell were treated with 1000 ng/mL LPS (Sigma-Aldrich) and 

20 ng/mL hIFN-γ (Sigma-Aldrich) for 24 h after pre-treatment with 200 ng/mL 

Phorbol-12-myristate-13-acetate (PMA) (Sigma-Aldrich) for 6 h. 

5.2 Preparation and identification of cell membrane-modified PLGA nanofibers

   PLGA balls (85:15; Polylactic acid (PLA: PGA) were dissolved in organic solvents 

of dimethylformamide and tetrahydrofuran. The block PLGA copolymer solution was 

loaded into a 5 ml syringe. An electric field is generated between the anode and the 

rectangular stainless steel plate with an 18kV high voltage power supply. The PLGA 

copolymer solution is ejected from the syringe under the accurate infusion control 



pump and sprayed onto the stainless steel plate with tin foil paper through the 

electrostatic field[56].

LPS/IFN-γ-treated and untreated RAW264.7 or THP-1 cells were ultrasonicated 

and cell membrane was collected after the treatment. Cell membrane was harvested 

as previously reported. Briefly, cells were grown in T-175 culture flasks to full 

confluency and detached by scrapping the culture flask surfaces. Cells were 

suspended in a hypotonic lysing buffer containing 20 mM Tris-HCl (pH = 7.5), 10 mM 

KCl, 2 mM MgCl2, and EDTA-free mini protease inhibitor tablet (Solarbio), and 

disrupted using a dounce homogenizer with a tight-fitting pestle. The cell suspension 

was subjected to 20 passes and centrifuged at 20000g for 20 min. The supernatant 

was collected and centrifuged again at 100000g for 45 min. The pellet was collected 

and used as purified cell membrane for subsequent experiments. Cell membrane 

suspension was added to the nanofibers and soaked for 30 minutes. The solvent was 

discarded and the nanofiber scaffolds were rinsed with PBS. The morphology of 

RCM-fibers (with LPS/IFN-γ-treated RAW264.7 cell membrane) and TCM-fibers (with 

LPS/IFN-γ-treated THP-1 cell membrane) was analyzed by a scanning electron 

microscopy (SEM) (Carl Zeiss). The diameter and size distribution of the nanofibers 

were calculated by measuring at least 100 fibers which were selected randomly from 

five independent samples.

To prepare PLGA copolymer solution,  10μL coumarin fluorescent dyes (1μM) 

(Sigma-Aldrich) was added to PLGA copolymer solution according to the 

manufacturer’s instructions. 1 mL 1,1'-dioctadecyl-3,3,3',3'tetramethyl- 

indocarbocyanine perchlorate (DiL) (5μM, Sigma-Aldrich) was added on 1 cm2 RCM-

fibers and Un-fibers according to the product description. The water contact angles 

of modified nanofibrous membranes were measured using water contact angle 

analyzer (FTA200). The samples were put on the testing plate and a drop of distilled 

water was carefully placed on the surface of the samples. The measurements were 

carried out five times for each sample.

https://www.baidu.com/link?url=ktxjfStw0YGSeyIpwdm879y0Y9UjpFEvbepyJLLGv8H7kyGdi_Mpx0jPbteTFkx0g11IGbShxZAx4UIoJLzYaa&wd=&eqid=be81176f006c33a80000000262020ad4
https://www.baidu.com/link?url=ktxjfStw0YGSeyIpwdm879y0Y9UjpFEvbepyJLLGv8H7kyGdi_Mpx0jPbteTFkx0g11IGbShxZAx4UIoJLzYaa&wd=&eqid=be81176f006c33a80000000262020ad4
https://www.baidu.com/link?url=ktxjfStw0YGSeyIpwdm879y0Y9UjpFEvbepyJLLGv8H7kyGdi_Mpx0jPbteTFkx0g11IGbShxZAx4UIoJLzYaa&wd=&eqid=be81176f006c33a80000000262020ad4


5.3 Western blotting

The RCM-fibers were decomposed by ultrasound for 5 min with the addition of 

protease inhibitor. The proteins were collected and subjected to sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to 

PVDF membrane (ThermoFisher Scientific). After blocking with phosphate buffer 

saline (PBS) containing 5% bovine plasma albumin (BSA), the membranes were 

incubated with anti-mouse CD11c (1:500) (Abcam) and anti-mouse Na+/K+ ATPase 

(1:300) (Abcam) primary antibodies overnight at 4 °C. The membranes were further 

incubated with Horseradish Peroxidase (HRP)-conjugated secondary antibody 

(1:2000) (Abcam). After washing four times with TBS-T, immunopositive bands were 

visualized by chemiluminescence detection system (Merck Millipore).

5.4 Flow cytometry

The cells were washed and incubated with fluorescence conjugated antibodies 

including PE-anti-mouse CD86 (Abcam) and FITC-anti-mouse CD206 (Abcam) for 

surface staining, and FITC-anti-mouse TNF-α antibody (Abcam) for intracellular 

staining according to the manufacturer’s instructions (BD Biosciences). Cells were 

washed, resuspended in PBS and acquired on BD FACSverse flow cytometer (BD 

Biosciences). The data were analyzed by Flowjo software (version 7.6.1) (Tree Star 

Inc.).

5.5 Quantitative real-time PCR

Cells were mixed with TRIzol Reagent (Invitrogen). Total RNA was extracted and 

reversely transcribed into cDNA by using QuantiTect Reverse Transcription Kit 

(Qiagen) in accordance with the manufacturer’s instructions. Polymerase chain 

reaction (PCR) was performed by using SYBR Green qPCR Master Mix 

(MedChemExpress). Gene expression levels in individual samples were calculated 

based on the 2−△△CT according to the threshold cycle (CT) values of target genes and 

the house-keeping gene. The primers for target genes and GAPDH as the house-

https://www.baidu.com/other.php?url=af0000aMy2qOWW3gMbPeNTPXsOC5YzaIdIJADBoOvThYCmIpMdFqlnUo4LgFkhX5LWJqDuPzEmRO6CY7irNp5YBHB-Bmc2Pl6X1AsKQ8aXSJn5kpuiCzpLpTdqmZA2WPs_SI1LlnL14aUo0vj7KCZepfOOt5jz1iimdJ-lzvpmsxHooc6AAvHtbUJTcOdiVxhE8leWbBxewX6MpdnXLsIxSx6ezT.DY_NR2Ar5Od663rj6tJ7iuVQVU3lb1TbDnRZjNKReiMML9knFE3XyOKZzkL3ryp1_4mm8yzP5QxIvtVOjz3tDLQJHDM-uquhmo8gZjzdmSy1Igubo4pjl772-muCyr5ZG3v0.TLFWgv-b5HDkrfK1ThPGujYknHb0THY0IAYqz51DoQxFz_avSeOAEQsWfbkKHb_WdVa4SBPaHD7riz5HYnOX8pEQE6KdTvNzgLw4TARqn0K9u7qYXgK-5Hm0IvqzujLcOni_VtM2sQUeEtptEa0CcPUf8xC62ijHYnOX8pEQE6KzmLmqnfKdThkxpyfqnHR1nWmknjckn0KVINqGujYkPjR3nj0LnsKVgv-b5HDknWTsnWT30AdYTAkxpyfqnHczP1n0TZuxpyfqn0KGuAnqiDF70ZKGujYkn0KWpyfqnHcv0APzm1YzrHD1n0&ck=3812.4.14.354.154.350.152.336&dt=1644418453&wd=%E8%B5%9B%E9%BB%98%E9%A3%9E%E4%B8%96%E5%B0%94%E7%A7%91%E6%8A%80+%E4%B8%AD%E5%9B%BD+%E6%9C%89%E9%99%90%E5%85%AC%E5%8F%B8&tpl=tpl_12273_25897_22126&l=1532610210&us=linkName%3D%25E6%25A0%2587%25E9%25A2%2598-%25E4%25B8%25BB%25E6%25A0%2587%25E9%25A2%2598%26linkText%3D%25E8%25B5%259B%25E9%25BB%2598%25E9%25A3%259E%25E4%25B8%2596%25E5%25B0%2594%25E7%25A7%2591%25E6%258A%2580ThermoFisher%2520Scientific%2520-%26linkType%3D


keeping gene were listed in Table S1.

5.6 Cell migration assay

Cell migration assay was performed by using six-well transwell plate (Corning 

Inc.). After 24 h of cell attachment, JB6 cells were serum-starved overnight. To mimic 

oxidative stress, JB6 cells were exposed to 200 μM H2O2 for 2 h and were furhter 

incubated with the RCM-fiber-BMMSCs. Wound closure was imaged at 12 h, 24 h 

and 36 h, respectively. The wound area was quantified using ImageJ soft-ware to 

calculate the percentages of wound closure.

5.7 BMMSCs proliferation 

2×104 third-generation BMMSCs or hBMMSCs were seeded and exposed to 600 

μM H2O2 for 2-6 h. BMMSCs were incubated with the RCM-fibers or the Un-fibers for 

1, 4, and 7 days and stained with CFDA-SE (ThermoFisher Scientific). CCK8 assay was 

also applied to investigate the proliferation of BMMSCs on the RCM-fibers and the 

Un-fibers. After 1, 4 or 7 days, the supernatant was discarded and 100 µL of CCK-8 

solution was added to each well, and incubated for another 4 h. The OD values of 

each well were measured by an ELISA assay reader (Infinite M200) at 450 nm wave 

length.

5.8 Knockdown of CD200 in BMMSCs 

BMMSCs were transfected with CD200-specific or nonspecific control short 

hairpin RNA (shRNA) (Ribobio Biotechnology) by using transfection reagent (Ribobio 

Biotechnology) according to the manufacturer’s protocol. The knockdown efficiency 

of CD200 was detected by RT-qPCR after 48 h.

5.9 Surgical procedure 

6-week-old C57BL/6J male mice were purchased from Tengxin Technology Co. 

Ltd and maintained under a specific pathogen-free (SPF) mouse facility. The mice 

were continuously fed on high-fat and high sugar diet for 4 weeks. On day 19, 



C57BL/6J mice were intraperitoneally injected with 100 μL streptozotocin (STZ) (50 

mg/kg, Sigma-Aldrich) for 3 days. On day 28, blood glucose levels were surveyed in 

the  blood using a glucometer (Sinocare, China). Diabetic Mice were generated 

when blood glucose levels consistently exceeded 14 mmol/L (Fig. S1A and S1B). 

Biopsy punches (1.0 cm diameter) were generated by removing epidermis and 

dermis. The Un-fiber, RCM-fiber, Un-fiber-BMMSCs and RCM-fiber-BMMSCs with 

similar diameter were applied on the wound beds while mice in the control group 

had no fiber treatment. Wound closure was determined through picture collection at 

Days 0, 5 and 15 respectively, and analyzed by ImageJ software. In some 

experiments, anti-mouse CD200R (20 ng/mL) (Abcam) or IgG antibodies were mixed 

with RCM-fiber-BMMSCs before subsequent experiment. In addition, BMMSCs with 

CD200 deficiency were used in some experiments. The experiments were approved 

by the Institute Animal Ethics Committee of Shanghai Jiaotong University School of 

Medicine and the Ethics Committee of Zunyi Medical Affiliated University Hospital.

5.10 Histological analysis and immunostaining

Mice were sacrificed after 15 days. The wound tissue was fixed in 10% formalin 

and embedded in paraffin. The sections of diabetic wound were stained with 

hematoxylin and eosin (H & E), Masson's trichrome and picrosirius red. Images were 

scanned by ServiceBio Company. Picrosirius red pictures were photographed by 

polarized light microscope in Servicebio Company. The collagen content was 

quantified using ImageJ v1.8.0.

For immunostaining, wound sections were dewaxed and rinsed with PBS. For 

antigen retrieval, tissue sections were treated with sodium citrate buffer at 95 °C for 

10 min, followed by permeabilization with 0.1% Triton X-100 for 10 min. After 

blocking in 2% BSA in PBST (PBS + 0.1% Tween 20), tissue sections were incubated 

with 8-OHdG (Abcam; 1:200), anti-mouse CD31 (Abcam; 1:300), anti-CK10 (Abcam; 

1:100), anti-mouse F4/80 (Abcam; 1:100), anti-mouse CD86 (Abcam; 1:100) or anti-

mouse CD206 (Abcam; 1:100) antibodies for 8 h at 4 °C. Goat anti-mouse FITC 

secondary antibody (Abcam;1:200) and goat anti-rabbit TRITC secondary antibody 



(Abcam; 1:400) were added further for 2 h at room temperature. The fluorescence 

pictures were collected through a confocal fluorescence microscope (Leica SPII) with 

20× magnification.

5.11 Statistical analysis

Data were presented as mean ± standard error of mean (SEM) or standard 

deviation (SD). Graphpad Prism 7.0 was used to analyze the differences between the 

experimental groups using Student t-test, one way and two-way ANOVA tests 

followed by a Tukey post hoc test for pairwise comparison. P < 0.05 was considered 

significant.
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Figure legend

Scheme1. LPS/IFN- activated RAW264.7 cell membrane modified PLGA nanofiber 

with BMMSCs in promoting diabetic wound healing. The RCM-fibers likely 

promotes the proliferation of BMMSCs and resistance to oxidative stress in situ. 

RCM-fiber-BMMSCs thus accelerated wound closure with rapid re-epithelialization, 

collagen remodeling, immunoregulation, antioxidant stress and angiogenesis in 

experimental diabetic wound healing in vivo. This is partially achieved through 

CD200-CD200R axis accompanied by upregulation of Lcn2, TNFAIP6, Lif and Ccl2 

in BMMSCs. RCM-fiber-BMMSCs thus function as a living material possessing in 

situ immune-stimulated capacity mediated by cell membrane to exaggerate the bio-

function of BMMSCs.

Figure 1 Physiochemical and biological characterization of RCM-fibers(LPS/IFN- 
activated RAW264.7 cell membrane modified (lactic-co-glycolic acid) (PLGA) 

nanofibers). (A). Representative fluorescent images of RCM-fibers and Un-fibers 

after coumarin and Dil staining(scale bar = 20μm). (B). Detection of Na+/K+ ATPase 

and CD11c on the RCM-fibers (with LPS/IFN- activated RAW264.7 cell membrane) 

and Un-fibers (without LPS/IFN- activated RAW263.7 cell membrane) by Western 

blotting. (C). SDS-PAGE analysis of proteins presented on LPS/IFN- activated 

RAW264.7 cell membrane and the RCM-fibers. (D). Representative images of the 

morphology of the RCM-fibers by scanning electron microscopy(scale bar = 10μm, 



5μm).(E). Size distribution of the RCM-fibers. (F). Comparisons of water contact 

angels between the Un-fibers and RCM-fibers. (G). Comparison of the degradation 

rates between the Un-fibers and RCM-fibers. (H). Fluorescent images of BMMSCs 

cultured on Un-fibers or RCM-fibers by CFDA-SE staining (scale bar = 50 μm). (I). 

CCK-8 assays for cell proliferation of BMMSCs on day 1, day 3, day 5 and day 7. 

Data were represented as mean ± SD. Differences were assessed using one-way 

ANOVA with Tukey's multiple comparison tests. (n ≥ 8) NS: non-significant, *P < 

0.05, **P < 0.01. 

Figure 2 RCM-fiber-BMMSCs accelerate wound closure in diabetic mouse. (A). 

Experiment designing for diabetes induction followed by wound induction and 

healing. Mice were fed with a high-fat diet, and diabetes was induced by 

intraperitoneal injection of streptozocin. Wounds were made after four weeks of 

diabetes induction, and wound closure was studied for 2 weeks upon the treatment. 

(B). Representative images of the wounds at day 0, 5, 10 and 15 post-wounding, 

respectively. (C). Quantification of the residual wounds areas at day 0, 5, 10 and 15, 

respectively. (D). Representative images of H&E staining for the wounds at day 15 

(left) with high-resolution images of epidemis, dermis and hypodemis (Right) (scale 

bar = 1mm, 50μm). (E). Quantification of average epidermal thickness of the wounds. 

Data represented as mean ± SD. Differences were assessed using two-way analysis of 

variance (ANOVA) with Tukey's multiple comparison tests and one-way ANOVA 

with Tukey's multiple comparison tests. (n ≥ 8) NS: non-significant, *P < 0.05, **P < 

0.01). 

Figure 3 RCM-fiber-BMMSCs remodel collagen deposition at the wound areas. (A). 

Masson's trichrome staining for tissue sections (Left) with high-resolution images of 

collagen deposition in the epidemis, dermis and hypodemis (Right) in diabetic mouse 

wounds (scale bar = 1mm, 50μm). (B). Picrosirius red staining for collagen deposition 

and remodelling in the wounds from diabetic mice (scale bar=50μm). (C). 

Comparisons of collagen 1 and collagen 3 deposition among different groups. (D). 

Immunostaining for 8-OHdG (i), CK10 (ii) and CD31 (iii) in wound tissues upon 

different treatment (scale bar = 50μm). Data represented as mean±SD. Differences 

were analysed by one-way ANOVA followed by Tukey's multiple comparison test. (n 

≥ 8) NS: non-significant, *P < 0.05, **P < 0.01 

Figure 4 RCM-fiber-BMMSCs reduce the inflammation in the wound areas of 



diabetic mice. (A). Immunofluorescence staining for F4/80 (red), CD206 (green), 

CD86 (green) and TNF-α (green) in wound tissues (scale bar = 50μm). (B). 

Comparisons of the proportions of F4/80+/CD86+, F4/80+/TNF-α+ and F4/80+/CD206+ 

cells in the wound areas among different groups. (C-D). Expression levels of IL-1β (C) 

and IL-10 (D) in diabietic cutaneous wound on day 7 after wounding by real-time 

PCR. (E). Relative expression levels of Ccl2, Lif, TNFAIP6 and Lcn2 in the diabetic 

skin wounds treated with different therapeutic means. Data represented as mean ± SD. 

Differences were analyzed using one-way ANOVA followed by Tukey's multiple 

comparison test. (n ≥ 8) NS: non-significant, *P < 0.05, **P < 0.01. 

Figure 5 RCM-fibers promote wound healing effects of BMMSCs in vitro. (A). 

Schematic illustration showing the cocultures of BMMSCs with the RCM-fibers in 

vitro. (B). Gene ontology enrichment scatter plots in key signaling pathways. (C). 

Heat map analysis of wound healing related gene expression in BMMSCs coculturing 

with either the Un-fibers or the RCM-fibers for 48 h. (D). Validation of expression 

levels of CD200, Ccl2, Lif, TNFAIP6 and Lcn2 in BMMSCs coculturing with either 

the Un-fibers or the RCM-fibers for 48 h by real-time PCR. (E). Schematic 

illustration on the migration of  mouse epithelial cell line JB6 incubated with either 

RCM-fiber-BMMSCs or Un-fiber-BMMSCs upon H2O2 treatment. (F). The 

representative images of wound areas covered by JB6 cell at 12, 18, 24 and 36 h 

(scale bar = 50μm). (G). Comparisons of normalized wound areas covered by JB6 cell 

at different time points. (H). CD86 and CD206 expressions on LPS/IFN- activated 

RAW264.7 cells after incubating with RCM-fiber-BMMSCs or Un-fiber-BMMSCs.  

(I). TNF-α expression in LPS/IFN- activated RAW264.7 cells after incubating with 

the RCM-fiber-BMMSCs or Un-fiber-BMMSCs. Data were represented as mean ± 

SD. Differences were analyzed by one-way ANOVA with Tukey's multiple 

comparison test. The experiments were repeated in triplicates. *P < 0.05, **P < 0.01 

Figure 6 CD200-CD200R axis is involved in promoting healing effects of RCM-

fiber-BMMSCs in vivo. (A). Representative images of the wound areas at day 0, 5, 10 

and 15 post-wounding upon anti-CD200R or isotype IgG treatment. (B). 

Representative images of H&E staining for the wounds at day 15 (left) with high-

resolution images of epidemis, dermis and hypodemis (Right) upon anti-CD200R or 

isotype IgG treatment (scale bar = 1mm, 50μm). (C). Comparisons of the residual 

wound areas at each time point upon anti-CD200R or isotype IgG treatment. (D). 

Comparisons of average epidermal thickness of the wounds upon anti-CD200R or 

isotype IgG treatment. (E). Images of Masson's trichrome staining for wound tissues 

at day 15 (blue for collagen) (scale bar = 1mm, 50μm). (F). Representative images of 



wound areas at day 0, 5, 10 and 15 post-wounding upon RCM-fiber-BMMSCs 

treatment with or without CD200 expressions in BMMSCs. (G). Representative 

images of H&E staining for the wounds at day 15 (left) with high-resolution images 

of epidemis, dermis and hypodemis (Right) upon RCM-fiber-BMMSCs treatment 

with or without CD200 expressions in BMMSCs(scale bar = 1mm, 50μm). (H-I). 

Comparisons of the residual wound areas at each time point (H) and average 

epidermal thickness of the wounds (I) upon RCM-fiber-BMMSCs treatment with or 

without CD200 expressions in BMMSCs. (J). Images of Masson's trichrome staining 

for wound tissues at day 15 (blue for collagen) upon RCM-fiber-BMMSCs treatment 

with or without CD200 expressions in BMMSCs(scale bar = 1mm, 50μm). (K). 

Picrosirius red staining for collagen deposition in the wound areas(scale bar = 50μm). 
(L). Comparison of the proportions of Collagen 1 and Collagen 3 depositing in 

diabetic wounds upon CD200 interference in BMMSCs. (M). The levels of TNFAIP6 

in wound tissues upon RCM-fiber-BMMSCs treatment with or without CD200 

expressions in BMMSCs. Data were represented as mean ± SD. Differences were 

analyzed through one-way ANOVA with Tukey's multiple comparison test. (n ≥ 8)  

NS: non-significant, *P < 0.05, **P < 0.01 

Figure 7 Physiochemical and biological characterization of TCM-fibers(LPS/IFN- 
activated human THP-1 cell membrane modified(lactic-co-glycolic acid) (PLGA) 

nanofibers). (A). Representative fluorescent images of the TCM-fibers and Un-fibers 

after coumarin and Dil staining(scale bar = 20μm).   (B). Detection of Na+/K+ 

ATPase and CD11c on the TCM-fibers and Un-fibers (without LPS/IFN- activated 

RAW263.7 cell membrane) by Western blotting. (C). Representative images of the 

morphology of the TCM-fibers by scanning electron microscopy(scale bar = 10μm, 
5μm). (D). Size distribution of the TCM-fibers. (E). Fluorescent images of BMMSCs 

cultured on Un-fibers or RCM-fibers by CFDA-SE staining(scale bar = 5μm). (F). 

CCK-8 assays for cell proliferation of BMMSCs on day 1, day 3, day 5 and day 7. (G). 

The representative images of wound areas covered by HACAT cells at 12, 18, 24 and 

36 h(scale bar = 25μm). (H). Comparisons of normalized wound areas covered by 

HACAT cells at different time points. Data were represented as mean ± SD. 

Differences were analyzed by one-way ANOVA with Tukey's multiple comparison 

tests. (n ≥ 3) *P < 0.05, **P < 0.01

Figure 8 TCM-fibers-hBMMSCs improve wound healing in diabetic wound. (A). 

Representative images of the wounds at day 0, 5, 10 and 15 post-wounding, 

respectively. (B). Quantification of the residual wounds areas at day 0, 5, 10 and 15, 



respectively. (C). Representative images of H&E staining for the wounds at day 15 

(left) with high-resolution images of epidemis, dermis and hypodemis (Right)(scale 

bar = 1mm, 50μm). (D). Quantification of average epidermal thickness of the wounds. 

(E). Masson's trichrome staining for tissue sections (Left) with high-resolution images 

of collagen deposition in the epidemis, dermis and hypodemis (Right) in diabetic 

mouse wounds(scale bar = 1mm, 50μm). (F). Picrosirius red staining for collagen 

deposition and remodelling in the wounds from diabetic mice(scale bar = 50μm). (G). 

Comparisons of collagen 1 and collagen 3 deposition among different groups. Data 

were represented as mean ± SD. Differences were analized through two-way and one-

way ANOVA with Tukey's multiple comparison tests. (n ≥ 8) NS: non-significant, *P 

< 0.05, **P < 0.01 



Figures

Figure 1

Physiochemical and biological characterization of RCM-�bers(LPS/IFN-γ activated RAW264.7 cell
membrane modi�ed (lactic-co-glycolic acid) (PLGA) nano�bers). (A). Representative �uorescent images
of RCM-�bers and Un-�bers after coumarin and Dil staining(scale bar = 20μm). (B). Detection of Na+/K+
ATPase and CD11c on the RCM-�bers (with LPS/IFN-γ activated RAW264.7 cell membrane) and Un-�bers
(without LPS/IFN-γ activated RAW263.7 cell membrane) by Western blotting. (C). SDS-PAGE analysis of



proteins presented on LPS/IFN-γ activated RAW264.7 cell membrane and the RCM-�bers. (D).
Representative images of the morphology of the RCM-�bers by scanning electron microscopy(scale bar =
10μm,

5μm).(E). Size distribution of the RCM-�bers. (F). Comparisons of water contact angels between the Un-
�bers and RCM-�bers. (G). Comparison of the degradation rates between the Un-�bers and RCM-�bers.
(H). Fluorescent images of BMMSCs cultured on Un-�bers or RCM-�bers by CFDA-SE staining (scale bar =
50 μm). (I). CCK-8 assays for cell proliferation of BMMSCs on day 1, day 3, day 5 and day 7. Data were
represented as mean ± SD. Differences were assessed using one-way ANOVA with Tukey's multiple
comparison tests. (n ≥ 8) NS: non-signi�cant, *P < 0.05, **P < 0.01.

Figure 2

RCM-�ber-BMMSCs accelerate wound closure in diabetic mouse. (A). Experiment designing for diabetes
induction followed by wound induction and healing. Mice were fed with a high-fat diet, and diabetes was
induced by intraperitoneal injection of streptozocin. Wounds were made after four weeks of diabetes
induction, and wound closure was studied for 2 weeks upon the treatment. (B). Representative images of



the wounds at day 0, 5, 10 and 15 post-wounding, respectively. (C). Quanti�cation of the residual wounds
areas at day 0, 5, 10 and 15, respectively. (D). Representative images of H&E staining for the wounds at
day 15 (left) with high-resolution images of epidemis, dermis and hypodemis (Right) (scale bar = 1mm,
50μm). (E). Quanti�cation of average epidermal thickness of the wounds. Data represented as mean ±
SD. Differences were assessed using two-way analysis of variance (ANOVA) with Tukey's multiple
comparison tests and one-way ANOVA with Tukey's multiple comparison tests. (n ≥ 8) NS: non-
signi�cant, *P < 0.05, **P < 0.01).

Figure 3

RCM-�ber-BMMSCs remodel collagen deposition at the wound areas. (A). Masson's trichrome staining for
tissue sections (Left) with high-resolution images of collagen deposition in the epidemis, dermis and
hypodemis (Right) in diabetic mouse wounds (scale bar = 1mm, 50μm). (B). Picrosirius red staining for
collagen deposition and remodelling in the wounds from diabetic mice (scale bar=50μm). (C).
Comparisons of collagen 1 and collagen 3 deposition among different groups. (D). Immunostaining for 8-
OHdG (i), CK10 (ii) and CD31 (iii) in wound tissues upon different treatment (scale bar = 50μm). Data
represented as mean±SD. Differences were analysed by one-way ANOVA followed by Tukey's multiple
comparison test. (n ≥ 8) NS: non-signi�cant, *P < 0.05, **P < 0.01



Figure 4

RCM-�ber-BMMSCs reduce the in�ammation in the wound areas of diabetic mice. (A).
Immuno�uorescence staining for F4/80 (red), CD206 (green), CD86 (green) and TNF-α (green) in wound
tissues (scale bar = 50μm). (B). Comparisons of the proportions of F4/80+/CD86+, F4/80+/TNF-α+ and
F4/80+/CD206+ cells in the wound areas among different groups. (C-D). Expression levels of IL-1β (C)
and IL-10 (D) in diabietic cutaneous wound on day 7 after wounding by real-time PCR. (E). Relative
expression levels of Ccl2, Lif, TNFAIP6 and Lcn2 in the diabetic skin wounds treated with different
therapeutic means. Data represented as mean ± SD. Differences were analyzed using one-way ANOVA
followed by Tukey's multiple comparison test. (n ≥ 8) NS: non-signi�cant, *P < 0.05, **P < 0.01.



Figure 5

RCM-�bers promote wound healing effects of BMMSCs in vitro. (A). Schematic illustration showing the
cocultures of BMMSCs with the RCM-�bers in vitro. (B). Gene ontology enrichment scatter plots in key
signaling pathways. (C). Heat map analysis of wound healing related gene expression in BMMSCs
coculturing with either the Un-�bers or the RCM-�bers for 48 h. (D). Validation of expression levels of
CD200, Ccl2, Lif, TNFAIP6 and Lcn2 in BMMSCs coculturing with either the Un-�bers or the RCM-�bers for
48 h by real-time PCR. (E). Schematic illustration on the migration of mouse epithelial cell line JB6
incubated with either RCM-�ber-BMMSCs or Un-�ber-BMMSCs upon H2O2 treatment. (F). The



representative images of wound areas covered by JB6 cell at 12, 18, 24 and 36 h (scale bar = 50μm). (G).
Comparisons of normalized wound areas covered by JB6 cell at different time points. (H). CD86 and
CD206 expressions on LPS/IFN-γ activated RAW264.7 cells after incubating with RCM-�ber-BMMSCs or
Un-�ber-BMMSCs. (I). TNF-α expression in LPS/IFN-γ activated RAW264.7 cells after incubating with the
RCM-�ber-BMMSCs or Un-�ber-BMMSCs. Data were represented as mean ± SD. Differences were
analyzed by one-way ANOVA with Tukey's multiple comparison test. The experiments were repeated in
triplicates. *P < 0.05, **P < 0.01

Figure 6



CD200-CD200R axis is involved in promoting healing effects of RCM�ber- BMMSCs in vivo. (A).
Representative images of the wound areas at day 0, 5, 10 and 15 post-wounding upon anti-CD200R or
isotype IgG treatment. (B). Representative images of H&E staining for the wounds at day 15 (left) with
highresolution images of epidemis, dermis and hypodemis (Right) upon anti-CD200R or isotype IgG
treatment (scale bar = 1mm, 50μm). (C). Comparisons of the residual wound areas at each time point
upon anti-CD200R or isotype IgG treatment. (D).

Comparisons of average epidermal thickness of the wounds upon anti-CD200R or isotype IgG treatment.
(E). Images of Masson's trichrome staining for wound tissues at day 15 (blue for collagen) (scale bar =
1mm, 50μm). (F). Representative images of wound areas at day 0, 5, 10 and 15 post-wounding upon
RCM-�ber-BMMSCs treatment with or without CD200 expressions in BMMSCs. (G). Representative
images of H&E staining for the wounds at day 15 (left) with high-resolution images of epidemis, dermis
and hypodemis (Right) upon RCM-�ber-BMMSCs treatment with or without CD200 expressions in
BMMSCs(scale bar = 1mm, 50μm). (H-I). Comparisons of the residual wound areas at each time point (H)
and average

epidermal thickness of the wounds (I) upon RCM-�ber-BMMSCs treatment with or without CD200
expressions in BMMSCs. (J). Images of Masson's trichrome staining for wound tissues at day 15 (blue
for collagen) upon RCM-�ber-BMMSCs treatment with or without CD200 expressions in BMMSCs(scale
bar = 1mm, 50μm). (K). Picrosirius red staining for collagen deposition in the wound areas(scale bar =
50μm). (L). Comparison of the proportions of Collagen 1 and Collagen 3 depositing in diabetic wounds
upon CD200 interference in BMMSCs. (M). The levels of TNFAIP6 in wound tissues upon RCM-�ber-
BMMSCs treatment with or without CD200 expressions in BMMSCs. Data were represented as mean ±
SD. Differences were analyzed through one-way ANOVA with Tukey's multiple comparison test. (n ≥ 8)
NS: non-signi�cant, *P < 0.05, **P < 0.01



Figure 7

Physiochemical and biological characterization of TCM-�bers(LPS/IFN-γ activated human THP-1 cell
membrane modi�ed(lactic-co-glycolic acid) (PLGA) nano�bers). (A). Representative �uorescent images of
the TCM-�bers and Un-�bers after coumarin and Dil staining(scale bar = 20μm). (B). Detection of Na+/K+
ATPase and CD11c on the TCM-�bers and Un-�bers (without LPS/IFN-γ activated RAW263.7 cell
membrane) by Western blotting. (C). Representative images of the morphology of the TCM-�bers by
scanning electron microscopy(scale bar = 10μm, 5μm). (D). Size distribution of the TCM-�bers. (E).
Fluorescent images of BMMSCs cultured on Un-�bers or RCM-�bers by CFDA-SE staining(scale bar =
5μm). (F). CCK-8 assays for cell proliferation of BMMSCs on day 1, day 3, day 5 and day 7. (G). The
representative images of wound areas covered by HACAT cells at 12, 18, 24 and 36 h(scale bar = 25μm).
(H). Comparisons of normalized wound areas covered by HACAT cells at different time points. Data were



represented as mean ± SD. Differences were analyzed by one-way ANOVA with Tukey's multiple
comparison tests. (n ≥ 3) *P < 0.05, **P < 0.01

Figure 8

TCM-�bers-hBMMSCs improve wound healing in diabetic wound. (A). Representative images of the
wounds at day 0, 5, 10 and 15 post-wounding, respectively. (B). Quanti�cation of the residual wounds
areas at day 0, 5, 10 and 15, respectively. (C). Representative images of H&E staining for the wounds at
day 15 (left) with high-resolution images of epidemis, dermis and hypodemis (Right)(scale bar = 1mm,



50μm). (D). Quanti�cation of average epidermal thickness of the wounds. (E). Masson's trichrome
staining for tissue sections (Left) with high-resolution images of collagen deposition in the epidemis,
dermis and hypodemis (Right) in diabetic mouse wounds(scale bar = 1mm, 50μm). (F). Picrosirius red
staining for collagen deposition and remodelling in the wounds from diabetic mice(scale bar = 50μm).
(G). Comparisons of collagen 1 and collagen 3 deposition among different groups. Data were represented
as mean ± SD. Differences were analized through two-way and oneway ANOVA with Tukey's multiple
comparison tests. (n ≥ 8) NS: non-signi�cant, *P < 0.05, **P < 0.01
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