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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 mesenchymal stem cells (MSCs) as living materials can
promote skin regeneration, they are still vulnerable to oxidative stress which limits their clinical applications. Herein,
we have prepared (polylactic-co-glycolic acid) (PLGA) nanofibers electrospun with LPS/IFN-γ activated macrophage
cell membrane. After defining physicochemical properties of the nanofibers modified by LPS/IFN-γ activated mouse
RAW264.7 cell derived membrane (RCM-fibers), we demonstrated that the RCM-fibers improved BMMSC proliferation
and keratinocyte migration upon oxidative stress in vitro. Moreover, bone marrow derived MSCs (BMMSCs)-loaded
RCM-fibers (RCM-fiber-BMMSCs) accelerated wound closure accompanied by rapid re-epithelialization, collagen
remodeling, antioxidant stress and angiogenesis in experimental diabetic wound healing in vivo. Transcriptome analysis revealed the upregulation of genes related to wound healing in BMMSCs when co-cultured with the RCM-fibers.
Enhanced healing capacity of RCM-fiber-BMMSCs living material was partially mediated through CD200-CD200R
interaction. Similarly, LPS/IFN-γ activated THP-1 cell membrane coated nanofibers (TCM-fibers) exhibited similar
improvement of human BMMSCs (hBMMSCs) on diabetic wound healing in vivo. Our results thus demonstrate that
LPS/IFN-γ activated macrophage cell membrane-modified nanofibers can in situ immunostimulate the biofunctions
of BMMSCs, making this novel living material promising in wound repair of human diabetes.
Keywords: Diabetic wound healing, Macrophage cell membrane, Electrospun nanofibers, Bone marrow-derived
mesenchymal stem cells
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Graphical Abstract

Introduction
Conventional biomaterials like nanofibers or hydrogels
provide biophysical support as well as integrate bioactive molecules to instruct biological functionality in tissue regeneration [1], making them successful in plenty
of 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 are 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 etc. [3–6]. Living materials exhibit “living characters” through loading living
cells on polymeric matrice blocks to construct bioactive
and bioresponsive units [7]. Until now, living materials
containing mesenchymal stem cells (MSC), keratinocytes or fibroblasts have been mainly recommended in
wound care and wound management. These living cells
are demonstrated to be able to ameliorate wound healing
processes or belong to main components in the wound
regions to be reprogrammed during wound healing [8].
Polymeric matrices-based living materials are therefore
more likely to improve regenerative performances over
conventional biomaterials partially through providing
more cell adhesion capability, maintaining the merits
and characteristics of living cells such as MSCs, as well as
promoting cell survival, proliferation, and differentiation

by mediating cell-matrix interactions within in vivo
microenvironment [9].
Diabetes associated chronic wounds have become one
of the main common complications among non-traumatic amputations nowadays. Although diabetic wound
care is managed routinely such as haemostasis, antiinflammation, cell proliferation and tissue remodeling
[10, 11], it 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. [12]. In addition, high
glucose and subsequent oxidative stress in wound regions
of diabetic patients also cause severe damages to the cells
when using living cell-containing biomaterials. Considering the alterations of internal environment suffering from
chronic diseases like diabetes, living cell-containing biomaterials might be affected to execute normal function.
The design of living materials according to pathologic circumstance for wound healing still needs inspiration.
Nanofiber living materials not only provide the scaffolds for cell attachment and proliferation, but also supply bioactive cues to resident cells [13]. The interactions
between the cells and the nanofibers are of particular
importance to determine the survival and function of
resident cells [14]. Therefore, nanofibers have been modified with cell surface receptors for intracellular signaling,
which alters protein expression and modulate the functions of resident cells [15]. Although these bottom-up
functionalization approaches are sufficient to present
individual receptor or receptor combinations to resident
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cells in the scaffolds, they are generally inadequate for
recapitulating the complexity and functions during cellcell interactions [16]. Therefore, cell membranes derived
from living cells are superior to provide bona fide cell
surface receptors with integrity and functionality [17].
Polymeric nanofibers coated directly with cell membranes thus become a new and robust strategy to improve
the bioactivity of living materials. In fact, the use of cell
membranes to modify synthetic biomaterials through
a top-down fabrication method has emerged firstly as a
promising technique for nanomaterial modification [18].
A variety of cell membrane-coated nanoparticle systems
have been developed with unique features and functions
to support resident cells. Cell membranes from different
cell types (for instance red blood cells, platelets, leukocytes, cancer cells or bacteria) are incorporated within
synthetic nanoparticles such as polymeric nanoparticles,
gold nanoparticles, and silica nanoparticles [19]. These
nanoparticles have been used in a wide range of biomedical applications including drug delivery, photodynamic
therapy, detoxification, and vaccination [20].
It has been addressed that interferon (IFN)-γ activated MSCs exhibited stronger wound healing functions
than resting MSCs [21]. In addition, plenty of studies
have demonstrated that the interactions between macrophages and MSCs supported biological functions and
behaviors of MSCs both in vitro and in vivo [22–24].
Considering that macrophages exert the modulations on
bone marrow derived MSCs (BMMSCs) through cell-cell
contact [25], whether macrophage cell membrane coated
nanofiber scaffolds have in situ immunostimulation on
BMMSCs with living material properties is worthy of
exploration. The efficacy of BMMSCs-loading nanofiber
living materials on improving wound healing under pathologic diabetes circumstance also needs to be clarified.
In this study, polylactic-co-glycolic acid (PLGA)
nanofibers, a scaffold material being approved for several biomedical applications including tissue engineering
[26–28], were electrospun with the cytomembrane from
Lipopolysaccharide (LPS)/IFN-γ activated macrophages
and further used to load BMMSCs to construct a novel
living material. We firstly addressed biophysical properties of the nanofibers modified by LPS/IFN-γ activated
mouse RAW264.7 cell membrane (RCM-fibers) including the diameter, hydrophilicity and degradation rate. We
further demonstrated that the RCM-fibers could promote
the proliferation of BMMSCs and keratinocyte migration
under oxidative stress in vitro. When constructing RCMfiber-BMMSCs as a living material, we found that RCMfiber-BMMSCs accelerated diabetic wound healing with
rapid re-epithelialization, collagen remodeling, more
resistance to antioxidant stress and better angiogenesis when compared to Un-fiber-BMMSCs (nanofibers
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carrying BMMSCs without cell membrane modification).
Based on transcriptome analysis of BMMSCs after
co-culturing with the RCM-fibers, it was found that
improved healing functions of RCM-fiber-BMMSCs
were partially realized through CD200-CD200R interactions (Scheme 1). Of note, we also demonstrated that
the nanofibers modified by the cytomembrane from
LPS/IFN-γ activated human THP-1 cells (TCM-fibers)
exhibited similar effects on promoting human BMMSC
(hBMMSC) proliferation and keratinocyte migration
upon oxidative stress. Being a living material, TCMfiber-hBMMSCs also exhibited the advantages in diabetic
wound healing. These results support that LPS/IFN-γ
activated macrophage cell membrane-modified nanofibers can in situ immuno-stimulate BMMSCs, making this
novel living material promising in diabetic wound repair.

Results
RCM‑fibers promote the proliferation of mouse BMMSCs
and enhance their resistance to oxidative stress

Although extensive studies have demonstrated that
BMMSCs were able to accelerate cutaneous wound
healing [29], their vulnerability to environmental stress
limits their long-term efficacy in clinic. We therefore
prepared cell membrane from mouse macrophage cell
line RAW264.7 that was pre-treated with LPS and IFN-γ
in vitro and electrospun on PLGA nanofiber scaffolds to
prepare the RCM-fibers. The distribution of RAW264.7
cell membrane 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 marker specific for plasma membrane )
and CD11c (a marker specific for macrophage cell membrane) on the RCM-fibers whereas no Na+/K+-ATPase
and CD11c were detected on the Un-fibers (the nanofibers without cell membrane) (Fig. 1B). Based on Coomassie blue staining protein profiles from the RCM-fibers
were similar to those from cell membrane of LPS/IFN-γ
activated RAW264.7 (Fig. 1C). By using a scanning electron microscope (SEM), we found that the RCM-fibers
had a smooth outer surface and long fibrous morphology (Fig. 1D). The nanofibers loaded with cell membrane
exhibited the diameters mainly in the range between
100–150 nm (Fig. 1E), which is aligned with the previous
report [30]. In addition, the RCM-fibers exhibited significantly improved hydrophilicity with lower water contact
angel when compared to the Un-fibers (Fig. 1F). The degradation rates of the Un-fibers were slower than those of
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
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Scheme 1 LPS/IFN-γ activated RAW264.7 cell (M1-like murine macrophage cell) membrane modified PLGA nanofibers with BMMSCs attachment
promote diabetic wound healing. The RCM-fiber-BMMSCs accelerate 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 the upregulation of Lcn2, TNFAIP6, Lif and Ccl2 in BMMSCs. The RCM-fiber-BMMSCs function as a living material
with in situ immunostimulatory capacity to exaggerate the biofunctions of BMMSCs
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Fig. 1 Physiochemical and biological characterization of the RCM-fibers. A Representative fluorescent images of the RCM-fibers after coumarin
(for PLGA nanofiber) and Dil (for lipid bilayer) staining. Scale bar = 20 μm. B Detection of Na+/K+ ATPase and CD11c proteins on the RCM-fibers
(with LPS/IFN-γ activated RAW264.7 cell membrane) and Un-fibers (without cell membrane) by Western blotting. C SDS-PAGE analysis of protein
profiles of LPS/IFN- γ activated RAW264.7 cell membrane (RCM) and the RCM-fibers. D Representative images of the RCM-fibers morphology by
the scanning electron microscopy. Scale bar = 10 μm (left) or 5 μm (right). E Size distribution of the RCM-fibers. F Comparisons of water contact
angels between the Un-fibers and the RCM-fibers. G Comparisons of degradation rates between the Un-fibers and the RCM-fibers. H Fluorescent
images of BMMSCs cultured on the Un-fibers or the RCM-fibers by CFDA-SE staining. Scale bar = 50 μm. I CCK-8 assays on cell viability of BMMSCs at
day 1, day 3, day 5 and day 7 with the presence of H2O2. Data were represented as mean ± SD. Differences were assessed by using one-way ANOVA
with Tukey’s multiple comparison tests. *P < 0.05, **P < 0.01

CFDA-SE staining for living 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 with the RCM-fibers was
detectable when compared to that with 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 BMMSCs with either
the RCM-fibers or the Un-fibers upon oxidative stress
induced by 
H2O2. It was similar that the RCM-fibers
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supported the proliferation of BMMSCs with more
extent when compared to the Un-fibers (P < 0.05)
(Fig. 1I). Therefore, PLGA electrospun nanofibers loading
LPS/IFN-γ-treated RAW264.7 cell membrane (the RCMfibers) are more favorable to support the proliferation
of BMMSCs than the Un-fibers under oxidative stress
in vitro.
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 promoting the proliferation of BMMSCs in vitro, we next
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seeded 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 different treatments (Additional file 1: Fig. S1).
It was apparent that there displayed dramatic increase
in wound closure rates in the RCM-fiber-BMMSCs
treated group when compared to other four groups from
day 5 (Fig. 2B). When calculating the remaining wound
areas in different groups at day 15, we found that mice
from RCM-fiber-BMMSCs treated group showed the
smallest wound area (2.94 ± 2.26% to day 0) when compared to those from Un-fiber-BMMSCs (13.09 ± 1.90%),

Fig. 2 RCM-fiber-BMMSCs accelerate wound closure in diabetic mouse. A Experiment designing for diabetes induction followed by wound
regeneration and healing processes. Mice were fed with high-fat and high sugar diets, and diabetes was induced by intraperitoneal injection
of streptozocin. The wounds were made after 4 weeks of diabetes induction, and wound closure was studied in 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 wound 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 epidermis,
dermis and hypodermis (right). Scale bar = 1 mm (left) or 50 μm (right). E Quantification of average epidermal thickness of the wounds. Data
were represented as mean ± SD. Differences were assessed by using two-way analysis of variance (ANOVA) with Tukey’s multiple comparison tests
and one-way ANOVA with Tukey’s multiple comparison tests. (mice: n ≥ 8) NS: non-significant, *P < 0.05, **P < 0.01
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RCM-fibers (24.05 ± 2.81%) or Un-fibers (37.28 ± 1.71%)
treated groups as well as control groups (38.58 ± 3.03%)
with significant difference (Fig. 2C).
Wound re-epithelialization is one of the key features
to evaluate the outcome of wound healing which can be
evaluated by epidermal thickness. During skin regeneration, keratinocytes are inclined to activate leading to
epidermal thickening and subsequent differentiation. We
would speculate that RCM-fiber and Un-fiber-BMMSCs
treated wounds experience incomplete differentiation
of keratinocytes and undergo further differentiation
and remodeling. We found that epidermal thickness
in the wound regions of RCM-fiber-BMMSCs treated
group at day 15 (the middle part in the panorama picture) was mostly equivalent to that of normal epidermis (the left and right sides of the wound regions in the
panorama picture) (Fig. 2D). Epidermal thickness in
the wound regions from RCM-fiber-BMMSCs treated
group was 0.02 ± 0.006 mm while the average thickness of normal skins adjacent to the wound regions were
0.01 ± 0.004 mm. However, there displayed more epidermal thickness of the wound regions in other four groups
when compared to those from RCM-fiber-BMMSCs
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treated group or normal skin (Fig. 2E). Moreover, the
regenerated skins in RCM-fiber-BMMSCs treated group
have developed mature epithelial structures such as hair
follicles with less thin skin (Fig. 2D), further demonstrating rapid regeneration of epithelial skins when treated
with the RCM-fiber-BMMSCs.
Masson’s trichrome staining was further performed
to visualize collagen compositions in the wound regions
from different groups at day 15. It was found that the
wound regions from RCM-fiber-BMMSCs treated group
have less total collagen deposition than those from Unfiber-BMMSCs treated group (Fig. 3A), whereas there
were more collagen depositions in the wound regions
upon the treatments of Un-fibers, RCM-fibers or Unfiber-BMMSCs. We also performed Picrosirius red
staining to discriminate between mature and immature collagens depositing 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. RCM-fiber-BMMSCs treated wounds were largely
composed of green/yellow collagen fibers as immature
collagens and intermixed in a basket weave orientation

Fig. 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 epidermis, dermis and hypodermis (right) in diabetic mouse wounds. Scale bar = 1 mm (left)
or 50 μm (right). B Picrosirius red staining for the collagens in the wound regions of diabetic mice after the treatment at day 15. Scale bar = 50 μm.
C Comparisons of Collagen 1 and Collagen 3 percentages in the wound areas among five groups. D Immunostaining for 8-OHdG (i), CK10 (ii) and
CD31 (iii) in the wound areas upon different treatments. Scale bar = 50 μm. Data were represented as mean ± SD. Differences were analyzed by
one-way ANOVA followed by Tukey’s multiple comparison test. (mice: n ≥ 8) NS: non-significant, *P < 0.05, **P < 0.01
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indicating normal healing processes. On the contrary, in
the wounds from Un-fibers, the RCM-fibers or the Unfiber-BMMSCs treated groups, orange/red collagen fibers were dominant with parallel orientation implying the
fibrosis of local wound regions (Fig. 3B). When calculating the percentages of immature and mature collagens in
different groups, it was found that there were the lowest
percentages of mature Collagen 1 and the highest percentages of 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
assays demonstrated that the RCM-fiber-BMMSCs possessed more resistance to H
2O2-mediated 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
those either with the Un-fiber-BMMSCs or other groups
on day 7 (Fig. 3D, i). In addition, neovascularization in
the skin wounds is also one of the key therapeutic objectives during wound healing. It was apparent that higher
proportions of C
 D31+ cells, an indicator for angiogenesis
in the wound areas, were observed upon the treatment
of the RCM-fiber-BMMSCs than those receiving other
treatments at day 7 (Fig. 3D, iii), demonstrating improved
angiogenesis ability of the RCM-fiber-BMMSCs. By using
CK10 staining (a differentiation marker for keratin), we
further validated better re-epithelialization with more
CK10 expressions in the wound areas from RCM-fiberBMMSCs treated mice when compared to those from
other groups (Fig. 3D, ii). Collectively, these results support that the RCM-fiber-BMMSCs accelerate diabetic
wound closure accompanied by rapid re-epithelialization
largely through collagen remodeling and accelerating
angiogenesis in the wound areas.
RCM‑fiber‑BMMSCs treatment leads to decreased
inflammation in diabetic wound regions

Long-term excessive inflammation prolongs the healing processes of diabetic wounds. We further investigated whether the RCM-fiber-BMMSCs also reduced the
inflammatory responses during diabetic wound repair.
We found that 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 B). We
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also determined the expression levels of IL-1β (a vital
inflammatory cytokine) and IL-10 (an immunosuppressive cytokine) in the wound regions by RT-PCR. It was
found that IL-1β expression was prominently reduced in
the 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 RCMfiber-BMMSCs treatment is inclined to suppress local
inflammation with more extent through the suppression
of inflammatory cytokine production and the induction
of inhibitory cytokine IL-10.
Being a promising therapeutic tool, BMMSCs have
been demonstrated to express extensive bioactive mediators for tissue repair in vivo, among which tumor necrosis
factor-induced protein 6 (TNFAIP6) [25, 31], Lipocalin-2
(Lcn-2) [32–34], chemokine (C-C motif ) ligand 2(Ccl2)
[35–37] and leukaemia inhibitory factor (Lif ) [38–40]
exert multiple functions including cell survival, immunomodulation, keratinocyte migration, angiogenesis
and resistance to oxidative stress respectively. Therefore,
expression levels of four genes were detected by RT-PCR
in the wound regions at the early time of the treatments.
All four genes displayed remarkably increased expressing
levels in the wounds when treated with the RCM-fiberBMMSCs 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 the RCMfiber-BMMSCs induce less inflammatory environments
in the wound areas, which is largely associated with
accelerating diabetic wound healing.
The RCM‑fibers promote the expressions of wound
healing related genes in BMMSCs facilitating keratinocyte
migration and less inflammation

To define 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 by using RNA-sequencing (seq) (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 BMMSCs
cocultured with the RCM-fibers (Fig. 5B). Consistent
with the results from in vivo wound samples, four wound
healing related genes we detected in the wound areas
including Ccl2, Lif, TNFAIP6 and Lcn2 were more highly
expressed in RCM-fiber-cocultured BMMSCs than those
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Fig. 4 RCM-fiber-BMMSCs treatment leads to decreased inflammation in diabetic wound regions. A Immunofluorescence staining for F4/80 (red),
CD206 (green), CD86 (green) and TNF-α (green) in the wound tissues. Scale bar = 50 μm. 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 diabetic
cutaneous wound areas on day 7 by real-time PCR. E Relative expression levels of Ccl2, Lif, TNFAIP6 and Lcn2 in the diabetic skin wounds treated
with different nanofibers. Data were represented as mean ± SD. Differences were analyzed by using one-way ANOVA followed by Tukey’s multiple
comparison test. (mice: n ≥ 8) NS: non-significant, *P < 0.05, **P < 0.01

with Un-fibers (Fig. 5C), which was also validated by RTPCR (Fig. 5D).
Furthermore, we performed the in vitro assays to verify
the influence of the RCM-fiber-BMMSCs on keratinocyte migration. Mouse keratinocyte cell line JB6 was
cocultured with the RCM-fiber-BMMSCs or the Unfiber-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
in serum-free culture medium for 24 h before the injury.

It was found that the migration of JB6 cells with the
RCM-fiber-BMMSCs was faster than those with the
Un-fiber-BMMSCs. Within 36 h the injury has nearly
covered by JB6 cells incubated with the RCM-fiberBMMSCs whereas the injury was still open in the Unfiber-BMMSCs group (Fig. 5F and G), which indicate that
the RCM-fibers enhance BMMSCs’ ability to promote
keratinocyte migration under oxidative stress.
We also compared the effects of the RCM-fiberBMMSCs and the Un-fiber-BMMSCs on macrophage
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Fig. 5 RCM-fibers promote the expressions of wound healing related genes in BMMSCs facilitating keratinocyte migration and less
inflammation. 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 expressions in BMMSCs after 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 after coculturing with either the Un-fibers
or the RCM-fibers for 48 h by real-time PCR. E Schematic illustration on the migration of JB6 cell incubated with either the RCM-fiber-BMMSCs
or the Un-fiber-BMMSCs upon H2O2 treatment. F Representative images of the wound areas covered by JB6 cell at 12, 18, 24 and 36 h. Scale bar
= 50 μm. 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 the RCM-fiber-BMMSCs or the Un-fiber-BMMSCs. I TNF-α expression in LPS/IFN-γ activated RAW264.7
cells after incubating with the RCM-fiber-BMMSCs or the 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
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differentiation in vitro (Fig. 5H). LPS and IFN-γ treated
RAW264.7 cells exhibited dramatic upregulation of
CD86 and the reduction of CD206 (named as RM1)
(Fig. 5I, left). Incubation of RM1 cells with either the
RCM-fiber-BMMSCs or the Un-fiber-BMMSCs dramatically reduced the expressions of CD86 and maintained CD206 expressions (Fig. 5I, middle and right).
From in vitro investigations, we validate gene signatures
of BMMSCs regulated by the RCM-fibers most of which
are associated with wound healing. The RCM-fibers
therefore provide supportive roles for BMMSCs in promoting keratinocyte migration as well as reducing the
inflammation.
CD200R‑CD200 ligation is engaged in accelerating diabetic
wound healing by the RCM‑fiber‑BMMSCs

From the RNA-seq analysis, it was found that CD200 was
dramatically upregulated on BMMSCs when incubated
with the RCM-fibers (Fig. 5C and D). 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 antiCD200R blocking antibody and applied to wound healing
in diabetic mice. It was found that the incubation of antiCD200R antibody with the RCM-fiber-BMMSCs slowed
down the residual wound healing rates when compared
to isotype control group (Fig. 6A). At day 15, the wound
areas were 22.18 ± 4.01% with anti-CD200R treatment,
which was significantly higher than those with isotype
control treatment (3.98 ± 3.40%) (Fig. 6C). H&E staining
of skin wounds at day 15 also demonstrated that there
was more mature epidermis in RCM-fiber-BMMSCs
group upon anti-CD200R treatment with the increase
in epidermis thickness when compared to isotype control treatment (Fig. 6B, D). In addition, the results from
masson’s trichrome staining also revealed more collagen
deposition in anti-CD200R plus RCM-fiber-BMMSCs
treated tissues at day 15 when compared to isotype IgG
plus RCM-fiber-BMMSCs treated wounds (Fig. 6E).
In parallel, we have knocked down CD200 expressions
in BMMSCs with shRNA and prepared the RCM-fiberBMMSCs(CD200KO) to validate the impacts of CD200CD200R ligation on wound healing. Consistent with
the results from anti-CD200R blocking assays, RCMfiber-BMMSCs(CD200KO) treatment also slowed down
wound closure when compared to RCM-fiber-BMMSCs
treatment (Fig. 6F) with more residual wounds at day 5,
day 10 and day 15 (Fig. 6H). There also displayed more
epidermis thickness and collagen deposition at day 15
in RCM-fiber-BMMSCs treated wound regions with
CD200 deficiency when compared to control BMMSCs
(Fig. 6G–J). Results from picrosirius red staining showed
that the wounds upon RCM-fiber-BMMSCs(CD200KO)
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treatment had more Collagen 1 deposition and less Collagen 3 deposition when compared to the RCM-fiberBMMSCs group (Fig. 6K and L), which was similar to
anti-CD200R treatment (Additional file 1: 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 assays and knockdown of CD200 in BMMSCs, we conclude that CD200RCD200 ligation is largely engaged in accelerating diabetic
wound healing mediated by the RCM-fiber-BMMSCs.
LPS/IFN‑γ activated THP‑1 cell membrane‑modified
nanofiber scaffolds improve the effects of human BMMSCs
in diabetic skin wound healing

Our aforementioned results indicated that mousederived RCM-fiber-BMMSCs were apparently able to
ameliorate wound healing processes. We further modified the nanofibers with cell membrane from human
derived THP-1 cells pre-treated with LPS and IFN-γ
to prepare the TCM-fibers. Similar to the RCM-fibers,
when cell membrane from activated THP-1 was scattered
on the nanofibers confirmed by coumarin (green) and Dil
(red) staining (Fig. 7A), Na+/K+-ATPase and CD11c proteins were detected only on the TCM-fibers rather than
on the Un-fibers (Fig. 7B). Based on SEM detection, we
found that the TCM-fibers also had a smooth outer surface and long fibrous morphology (Fig. 7C) and the fibers
loaded with cell membrane had the diameters mainly in
the range of 100–150 nm (Fig. 7D). When we incubated
human BMMSCs (hBMMSCs) with either the TCM-fibers or the Un-fibers exposed to H2O2 at different times
in vitro, more green fluorescence derived from CFDA-SE
staining was detected on day 4 and day 7 in hBMMSCs
cocultured with the RCM-fibers when compared to
those with the Un-fibers (Fig. 7E). Based on the CCK-8
assay, the TCM-fibers also promoted the proliferation of
hBMMSCs when compared to the Un-fibers (P < 0.05)
(Fig. 7F), further demonstrating similar roles of the
TCM-fibers in promoting the proliferation of hBMMSCs.
Electrospun nanfibers loading hBMMSCs were
prepared as another living material named as the
TCM-fiber-hBMMSCs. We found that the TCM-fiberBMMSCs accelerated the migration of HaCaT cells
when compared to those with the Un-fiber-hBMMSCs
in the in vitro wound healing test even exposed to H
 2O 2
(Fig. 7G, H). The effects of the TCM-fiber-hBMMSCs
on diabetic wound healing were further evaluated. It
was found that the TCM-fiber-hBMMSCs also accelerated wound closure with the smallest residual wound
areas especially at day 15 when compared to other
groups (Fig. 8A, B). Results from H&E staining indicated that the differentiation of epidermal cells and
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Fig. 6 CD200R-CD200 ligation is engaged in accelerating diabetic wound healing by the RCM-fiber-BMMSCs. 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
wound regions at day 15 (left) with high-resolution images of epidermis, dermis and hypodermis (right) upon RCM-fiber-BMMSCs treatment
with the presence of anti-CD200R or isotype IgG. Scale bar = 1 mm (left) or 50 μm (right). C Comparisons of residual wound areas at each time
point upon RCM-fiber-BMMSCs treatment with the presence of anti-CD200R or isotype IgG. D Comparisons of average epidermal thickness of
the wounds upon RCM-fiber-BMMSCs treatment with the presence of anti-CD200R or isotype IgG. E Images of Masson’s trichrome staining for
the wound tissues at day 15 (blue for collagen). Scale bar = 1 mm (left) or 50 μm (right). F Representative images of the wound areas at day 0, 5,
10 and 15 upon RCM-fiber-BMMSCs treatment with or without CD200 expressions in BMMSCs. G, H Representative images of H&E staining (G) for
the wound areas at day 15 (left) with high-resolution images of epidermis, dermis and hypodermis (right) upon RCM-fiber-BMMSCs treatment
with or without CD200 expressions in BMMSCs and comparisons of residual wound areas at each time point (H). Scale bar = 1 mm (left) or 50 μm
(right). I Comparisons of average epidermal thickness of the wounds upon RCM-fiber-BMMSCs treatment with or without CD200 expressions in
BMMSCs at day 15. J Images of Masson’s trichrome staining for the wound tissues at day 15 (blue for collagen) upon RCM-fiber-BMMSCs treatment
with or without CD200 expressions in BMMSCs. Scale bar = 1 mm (left) or 50 μm (right). K Picrosirius red staining for collagen deposition in the
wound areas. Scale bar = 50 μm. L Comparisons of the proportions of Collagen 1 and Collagen 3 in diabetic wound areas upon CD200 interference
in BMMSCs. M The levels of TNFAIP6 in the 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. (mice: n ≥ 8) NS:
non-significant, *P < 0.05, **P < 0.01

Gao et al. Journal of Nanobiotechnology

(2022) 20:294

Page 13 of 20

Fig. 7 Physiochemical and biological characterization of the TCM-fibers. A Representative fluorescent images of the TCM-fibers after coumarin (for
PLGA nanofiber) and Dil (for lipid bilayer) staining. Scale bar = 20 μm. (B Detection of N
 a+/K+ ATPase and CD11c proteins on the TCM-fibers and
Un-fibers (without cell membrane) by Western blotting. C Representative images of TCM-fibers morphology by a scanning electron microscopy.
Scale bar = 10 μm (left) or 5 μm (right). D Size distribution of the TCM-fibers. E Fluorescent images of human BMMSCs (hBMMSCs) cultured on the
Un-fibers or RCM-fibers by CFDA-SE staining. Scale bar = 5 μm. F CCK-8 assays for cell proliferation of hBMMSCs at day 1, day 3, day 5 and day 7,
respectively. G Representative images of the wound areas covered by HaCaT cells at 12, 24 and 36 h in cell migration assay exposed to H
 2O2 in vitro.
Scale bar = 25 μm. H Comparisons of the percentages of the residual wound areas covered by HaCaT cells at different time points normalized to the
original would areas. 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

the formation of hair follicles were enhanced upon
the treatment of the TCM-fiber-hBMMSCs (Fig. 8C
and D). In the wound regions there showed faster collagen deposition (Fig. 8E) with increased Collagen 3
and less Collagen 1 in the wound regions from TCMfiber-hBMMSCs treated group (Fig. 8F and G) when
compared to other groups. Therefore, similar to the
RCM-fiber-BMMSCs, the TCM-fiber-hBMMSCs living

material also promotes wound healing with the prevalent significance.

Discussion
In the present study, we have modified the nanofibers
with LPS/IFN-γ activated macrophage cell membrane
which is demonstrated to promote the proliferation
of BMMSCs and enhance the resistance to oxidative
stress. BMMSCs loading on cell membrane-modified
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Fig. 8 TCM-fiber-hBMMSCs improve wound healing in diabetic mice. A Representative images of the wound areas at day 0, 5, 10 and 15
post-wounding, respectively. B Quantification of residual wound areas at day 0, 5, 10 and 15, respectively. C Representative images of H&E
staining for the wound areas at day 15 (left) with high-resolution images of epidermis, dermis and hypodermis (right). Scale bar = 1 mm (left) or
50 μm (right). D Quantification of average epidermal thickness of the wound areas. E Masson’s trichrome staining for tissue sections (left) with
high-resolution images of collagen deposition in the epidermis, dermis and hypodermis (right) in diabetic mouse wounds. Scale bar = 1 mm
(left) or 50 μm (right). F Picrosirius red staining for collagen deposition in the wound areas from diabetic mice. Scale bar = 50 μm. G Comparisons
of Collagen 1 and Collagen 3 proportions in the wound areas among different groups. Data were represented as mean ± SD. Differences were
analyzed through two-way and one-way ANOVA with Tukey’s multiple comparison tests. (mice: n ≥ 8) NS: non-significant, *P < 0.05, **P < 0.01

nanofibers accelerate wound closure in diabetic mice.
LPS/IFN-γ-activated macrophage cell membrane modified electrospun nanofibers loaded with BMMSCs
become an alternative potential immuno-activated

living material to potentiate the clinic applications of
BMMSCs in the future.
Biomaterials have been widely used in tissue regeneration. An ideal biomaterial possesses essential properties
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such as hierarchical architectures and ECM composition similar to native tissues [41]. Nanofibers have been
widely used in regenerative engineering due to their
feasibility in modification, more interactions with tissue environment as well as delivery of regenerative signals to the tissues [42]. Among multiple modifications,
cell membrane modified nanofibers exhibit more advantages such as strong hydrophilicity, high velocity of degradation and fruitfulness of bona fide surface molecules
anchoring on living cells [30]. In our study, we used LPS/
IFN-γ activated macrophage cell lines-derived cytomembrane to modify the nanofibers. Both mouse RAW264.7
and human THP-1 cells belong to monocyte lineage that
can be easily activated to different macrophage subtypes
based on conditional cytokines such as LPS/IFN-γ for
M1-like macrophages and IL-4 for M2-like macrophages
[43]. In fact macrophage-MSC crosstalk generates paracrine signals to affect cell differentiation which is related
to the outcomes of tissue regeneration. For instance,
exosomes from the MSCs can affect the differentiation
to either inflammatory (M1) or regenerative (M2) macrophages [44]. Activated M1 or M2-like macrophages can
also secrete multiplex bioactive molecules to guide MSC
differentiation and affect their survival and proliferation
[45]. We have used LPS/IFN-γ activated macrophage
cell membrane to modify the nanfibers because previous
studies have already demonstrated the efficacy of M1-like
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-γ activated macrophage cell membrane-containing nanofibers
whereas little was detectable in BMMSCs with nanofibers only or with IL-4 activated macrophage cell membrane-containing nanofibers (Additional file 1: Fig. S3).
This further supports the roles of M1-like macrophages
in modulating regenerative properties of BMMSCs.
What is more, based on our results the nanofibers modified with LPS/IFN-γ activated macrophage cell membrane exaggerate the resistance of BMMSCs to oxidative
stress. When BMMSCs are transplanted to the wound
regions where hypoxic environments are usually generated with increased reactive oxygen species (ROS) [46].
There usually occurs the inhibition of the proliferation
and immunoregulatory roles of BMMSCs [47] whereas
the increase in the senescence and adipogenic differentiation of BMMSCs [48]. In our study, the RCM-fibers
and the TCM-fibers not only favor BMMSC proliferation in oxidative stress, but also promote the migration
of keratinocytes in vitro. This was consistent with rapid
re-epithelialization and wound closure in diabetic mice.
LPS/IFN-γ activated macrophage cell membrane-modified nanofibers thus largely augment the resistance of
BMMSC to harmful microenvironments.
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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
which are also interacted. Firstly, keratinocyte activation and differentiation are strongly associated with epidermal formation [49]. 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-fiberBMMSCs treated wounds leading to complete differentiation within the speculated time period. Secondly, the
RCM-fiber-BMMSCs also promote rapid accumulation
of epidermal cells in the wound areas developing mature
epithelial structures such as hair follicles, making skin
regeneration more rapid. Thirdly, during initial wound
healing period there is increased fibroblast proliferation followed by the deposition of immature Collagen 3,
which is mainly applied for wound closure to avoid further damage [50, 51]. Collagen remodeling and collagen
composition in the wound areas are also key features to
evaluate the regeneration of the wound regions. In this
study, we have observed less total collagen and chiefly
immature collagen deposition in the wound areas when
treated with the RCM-fiber-BMMSCs. Fourthly, we have
also observed more angiogenesis in the wound areas
upon RCM-fiber-BMMSCs treatment, which indicates
that the RCM-fiber-BMMSCs might overcome defective
angiogenesis in diabetic wounds mostly due to enhanced
mitochondrial ROS production [46]. All these data
strongly 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 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 RNAseq to compare gene expression profiles of BMMSCs
upon RCM-fibers or Un-fibers treatments. It was found
that the expressions of Ccl2, Lif, TNFAIP6 and Lcn2 were
dramatically increased both in vitro and in vivo. These
four genes are already demonstrated to be engaged in
skin regeneration. TNFAIP6 regulates immunological function and accelerates collagen remodeling [25,
31]. Lcn2 promotes BMMSC proliferation in oxidative
stress and keratinocyte migration [32–34]. Lif protects
against diabetic wound from oxidative stress [38–40].
Ccl2 accelerates the vascularization in the wound regions
[35–37]. The increase in the expressions of four genes in
RCM-fiber-loaded BMMSCs is extremely consistent with
high efficacy of wound closure and skin regeneration
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in diabetic mice. The in situ immunostimulation on
BMMSCs by cell membrane both in vitro and in vivo
largely favors the biofunctionality 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 restrain the wound healing
effects when compared to RCM-fiber-BMMSCs treatments. Recent research revealed that direct contact with
M1-type macrophages not only increased the production of TNFAIP6 but also upregulated CD200 expression
on BMMSCs [25]. CD200 is widely expressed on DC,
thymocytes, B cells, MSCs, the central nervous system
nerves, etc [52]. It can interact with its ligand CD200R
to trigger the recruitment and phosphorylation of Dok1/2, and further binds to RasGAP [53]. In macrophages
and mast cells, this cascade has been shown to inhibit
the phosphorylation of ERK, P38, and JNK signaling and
interrupt the activation of myeloid cells [54]. Although
we did not determine cell types expressing CD200R in
wound regions, the regulatory roles of CD200-CD200R
signaling defined in other cell types are consistent with
the observations that RCM-fiber-BMMSCs treatment
leads to low inflammation in the wound areas with the
upregulation of CD200 in the wound regions. The exact
mechanisms will be investigated further.
Last but not the least, we have also demonstrated
the efficacy of human BMMSCs in promoting diabetic
wound healing in mice after loading on electrospun
nanofibers modified with LPS/IFN-γ activated THP-1
macrophage cytomembrane. Human BMMSCs can be
either injected topically or mixed with various biomaterials including nanofiber scaffolds, hydrogels, extracellular matrix derivatives and dermal substitutes [55, 56].
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 [57].
When loaded on the TCM-fibers, hBMMSCs have accelerated the repair processes 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-fiberhBMMSCs have promoted human keratinocyte migration under oxidative stress (Fig. 7G, H). Cell membranes
derived from both human and mice LPS/IFN-γ activated
macrophages modulate BMMSCs with similar patterns.
Similar therapeutic effects of the RCM-fiber-BMMSCs
and the TCM-fiber-hBMMSCs living materials on diabetic wound healing to some extent validate the universality of M1-like macrophage cell membrane modified
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nanofibers as an alternative scaffolds for BMMSCs in
clinical application of wound repair in the future.

Conclusions
Collectively, we have prepared the nanofibers electrospun
with LPS/IFN-γ activated macrophage cell membrane to
load 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 accelerate wound healing processes
in diabetic mice through favoring immunoregulation,
keratinocyte migration, collagen remodeling, antioxidant
stress and neovascularization in the wound regions. This
is in part due to the upregulation of CD200 on BMMSCs
induced by cell membrane-loaded nanofibers, leading to
CD200R-CD200 ligation and subsequently gene expressions. We have thus provided an alternative engineering
way of nanofiber scaffolds and developed a novel living
material with in situ immunostimulation capacity for the
improvement in diabetic chronic wound management.
Materials and methods
Cell culture

Human bone marrow-derived mesenchymal stem cells
(hBMMSCs) and mouse BMMSCs were purchased from
Cyagen Biosciences Co., Ltd (Guangzhou, China). Mouse
macrophage cell line RAW264.7, mouse keratinocyte cell
line JB6, human macrophage cell line THP-1 and human
epithelial cell line HaCaT cell line were purchased from
Beina Biotechnology Co., Ltd (Guangzhou, China). All
cells were maintained following the company’s instructions. For in vitro activation, RAW264.7 cells were
treated with 1 µg/mL LPS (Sigma-Aldrich) and 20 ng/mL
IFN-γ (Sigma-Aldrich) for 12 h. THP-1 cells were treated
with 1 µg/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) (SigmaAldrich) for 6 h.
Preparation and characterization of cell
membrane‑modified PLGA nanofibers

PLGA balls containing PLA and polyglycolide (PGA) at
the ratio of 85%:15% were dissolved in dimethylformamide and tetrahydrofuran. The PLGA copolymer solution was loaded into a 5 mL syringe. An electric field was
generated between the anode and the rectangular stainless steel plate with an 18 kV high voltage power supply.
The PLGA copolymer solution was then 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 [58].
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RAW264.7 and THP-1 cells were activated by LPS
and IFN-γ with the properties of the macrophages [59,
60]. LPS/IFN-γ-treated and untreated RAW264.7 or
THP-1 cells were ultrasonicated and cell membrane
was collected. Cell membrane was harvested as previously reported. Briefly, cells were grown in T-175 culture
flasks to full confluency and detached by scrapping 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 protease inhibitor (Solarbio), and disrupted using a dounce homogenizer with a tight-fitting pestle. Cell suspensions were
centrifuged at 20,000g for 20 min. The supernatants were
collected and centrifuged again at 100,000g for 45 min.
The pellets were collected containing cell membrane for
subsequent experiments. Cell membrane suspension
was added to the nanofibers and soaked for 30 min. The
solvent was discarded and the nanofiber scaffolds were
rinsed with PBS. The morphologies of the RCM-fibers
(with LPS/IFN-γ-treated RAW264.7 cell membrane)
and the TCM-fibers (with LPS/IFN-γ-treated THP-1 cell
membrane) were detected 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 characterize the PLGA nanofibers, 10 µL coumarin fluorescent dyes (1 µM) (Sigma-Aldrich) was
added to PLGA copolymer solution according to the
manufacturer’s instructions. 1 mL 1,1′-dioctadecyl3,3,3′,3′tetramethyl-indocarbocyanine perchlorate (DiL)
(5 µM) (Sigma-Aldrich) was added on 1 c m2 RCM-fibers, TCM-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.
Western blotting

The RCM-fibers and the TCM-fibers were decomposed
by the ultrasound for 5 min with the addition of protease
inhibitors. The proteins were collected and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then transferred to PVDF
membrane (ThermoFisher Scientific). After blocking
with phosphate buffer saline (PBS) containing 5% bovine
serum albumin (BSA), the membranes were incubated
with anti-mouse or anti-human CD11c (1:500) (Abcam)
and anti-Na+/K+ ATPase (1:300) (Abcam) primary antibodies overnight at 4 °C. The membranes were further
incubated with horseradish peroxidase (HRP)-conjugated
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secondary antibodies (1:2000) (Abcam). After washing
four times with Tris buffer saline contain 0.5% Tween20
(TBS-T), immunopositive bands were visualized by
chemiluminescence detection system (Merck Millipore).
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 cytokine 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.).
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 housekeeping gene. The primers for target genes and GAPDH
as the house-keeping gene were listed in Additional file 1:
Table S1.
Cell migration assay

Cell migration was determined by using a wound injury
test in six-well transwell plates (Corning Inc.). After
24 h of cell attachment, JB6 or HaCaT cells were serumstarved overnight. To mimic oxidative stress, JB6 and
HaCaT cells were exposed to 200 µM H
 2O2 for 2 h and
continued to culture until more than 90% confluency.
Cells were rinsed away by PBS to leave 0.5 cm-width
vacancy and further incubated with the RCM-fiberBMMSCs or the TCM-fiber-BMMSCs. Wound closure
was imaged at 12 h, 24 and 36 h, respectively. The wound
areas were quantified using ImageJ software to calculate
the percentages of wound closure in vitro.
BMMSCs proliferation assay

2 × 104 third-generation mouse BMMSCs or hBMMSCs
were seeded and exposed to 600 µM H
 2O2 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) according to the manufacturer’s instructions. CCK-8 assay was also applied to determine the proliferation of BMMSCs on the RCM-fibers
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and the Un-fibers. After 1, 3, 5 or 7 days, the supernatant
was discarded and 100 µL of CCK-8 solution was added
to each well for another 4 h’s incubation. The OD values
of each well were measured by an ELISA assay reader
(Infinite M200) at 450 nm wave length.
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 RTPCR after 48 h.
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 using a glucometer (Sinocare, China).
Diabetic mice were generated when blood glucose levels
consistently exceeded 14 mM (Additional file 1: Fig. S1A
and S1B).
Biopsy punches (1.0 cm diameter) were generated by
removing epidermis and dermis. The Un-fibers, RCMfibers, Un-fiber-BMMSCs and RCM-fiber-BMMSCs
with similar diameter were applied on the wound beds
while mice in the control group received no fiber treatment. Wound closure was determined through picture
collection at day 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 the RCM-fiber-BMMSCs before subsequent
experiments. In addition, BMMSCs with CD200 deficiency were used in some experiments.
Histological analysis and immunofluorescence assay

Mice were sacrificed after 15 days. The wound tissues
were fixed in 10% formalin and embedded in the paraffin
routinely. The sections of diabetic wounds were stained
with hematoxylin and eosin (H & E), and Masson’s trichrome. Images were scanned by ServiceBio Company.
Picrosirius red staining pictures were photographed
by polarized light microscope in Servicebio Company.
The collagen content was quantified using ImageJ v1.8.0
software.
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
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X-100 for 10 min. After blocking in PBST (PBS + 0.1%
Tween 20) containing 2% BSA, 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 (Abcam;1:200) and goat
anti-rabbit TRITC secondary antibodies (Abcam; 1:400)
were added for 2 h at room temperature. The fluorescence pictures were collected through a confocal fluorescence microscope (Leica SPII) with 20× magnification.
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.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12951-022-01503-9.
Additional file 1: Fig. S1. Induction of diabetes in C57BL/6J mice by feeding high-fat and high-sugar diet for 4 weeks and subsequent intraperitoneal injections of streptozotocin (STZ) in the last 2 weeks. Quantification of
body weight (A) and blood glucose (B) at day 14, day 21 and day 28 upon
the treatment of the non-fiber, Un-fiber, RCM-fiber, Un-fiber-BMMSCs
and RCM-fiber-BMMSCs in diabetic mice. Differences were analyzed by
one-way ANOVA with Tukey’s multiple comparison tests. Data were represented as mean ± SD (mice: n ≥ 8) *P < 0.05, **P < 0.01. Fig. S2. AntiCD200R antibody suppressed collagen deposition in the wound regions
upon treatment of the RCM-fiber-BMMSCs with anti-CD200R or isotype
IgG antibodies. (A). Picrosirius red staining for collagen deposition in the
wounds of different groups (scale bar = 50 μm). (B) Quantification of
Collagen 1 and Collagen 3 proportions in diabetic wound areas. Data were
represented as mean ± SD. Differences were analyzed by one-way ANOVA
with Tukey’s multiple comparison tests. (Mice: n ≥ 8) *P < 0.05, **P < 0.01.
Fig. S3. The expression levels of TNFAIP6 in BMMSCs incubated with the
Un-nanofibers, LPS/IFN-γ activated (M1-type) and IL-4 activated (M2-type)
RAW264.7 cell membrane coated nanofibers. Data were represented as
mean ± SD. Differences were analyzed by one-way ANOVA with Tukey’s
multiple comparison tests. (Mice: n ≥ 8) *P < 0.05, **P < 0.01. Table S1.
Primer sequences used in RT-PCR.
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