
Stem Cell Membrane-coated Microribbon Scaffolds Induce 
Regenerative Innate and Adaptive Immune Responses in a 
Critical-Size Cranial Bone Defect Model

Ni Su1, Cassandra Villicana2, Danial Barati1, Peyton Freeman2, Ying Luo3, Fan Yang1,2,*

1.Department of Orthopaedic Surgery, Stanford University School of Medicine, Stanford, CA, 
94305, USA.

2.Department of Bioengineering, Stanford University School of Medicine, Stanford, CA, 94305, 
USA.

3.Department of Biomedical Engineering, Tufts University, Medford, Massachusetts, USA 02155

Abstract

Naturally-derived cell membranes have shown great promise in functionalizing nanoparticles 

to enhance biointerfacing functions for drug delivery applications. However, its potential for 

functionalizing macroporous scaffolds to enhance tissue regeneration in vivo remains unexplored. 

Engineering scaffolds with immunomodulatory functions represents an exciting strategy for 

tissue regeneration but is largely limited to soft tissues. Critical sized bone defects cannot 

heal on its own, and the role of adaptive immune cells in scaffold-mediated healing of cranial 

bone defects remain largely unknown. Here we report mensenchymal stem cell membrane 

(MSCM)-coated microribbon (μRB) scaffolds for treating critical size cranial bone defects via 

targeting immunomodulation. Confocal imaging and proteomic analyses were used to confirm 

successful coating and characterize the compositions of cell membrane coating. We demonstrate 

MSCM coating promotes Mφ polarization towards regenerative phenotype, induces CD8+ T 

cell apoptosis, and enhances regulatory T cell differentiation in vitro and in vivo. MSCM 

primed with pro-inflammatory cytokines enhances regenerative immune response and promotes 

MSC osteogenesis. When combined with a low dosage of BMP-2, primed MSCM coating 

further accelerates bone regeneration and suppresses inflammation. These results establish cell 

membrane-coated microribbon scaffolds as a promising strategy for treating critical size bone 

defects via immunomodulation. The platform may be broadly used with different cell membranes 

and scaffolds to enhance regeneration of multiple tissue types.

Graphical Abstract

*Corresponding Author: Fan Yang, Ph. D., Associate Professor, Department of Orthopaedic Surgery and Bioengineering, 
Stanford University School of Medicine, 240 Pasteur Dr, Biomedical Innovation Building, Room 1254, Palo Alto, CA 94304, 
fanyang@stanford.edu, Phone: (650) 646-8558. 

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.

Conflict of Interest
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Adv Mater. Author manuscript; available in PMC 2024 March 01.

Published in final edited form as:
Adv Mater. 2023 March ; 35(10): e2208781. doi:10.1002/adma.202208781.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell membrane coating represents a biomimetic strategy for modifying biomaterials surface. 

Coating macroporous microribbon scaffolds with mesenchymal stem cell membrane (MSCM) 

enhances cranial bone healing via immunomodulation. Primed MSCM-coating contains ligands 

that promote Mφ polarization towards M2, induces Treg differentiation and TCD8+ apoptosis, and 

enhances MSC osteogenesis. MSCM coating synergizes with BMP-2 to further accelerate bone 

regeneration while suppressing inflammation.
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1. Introduction

Previous research on harnessing biomaterials to aid in repairing critical size bone defects 

has largely focused on promoting stem cell osteogenesis and vasculature [1, 2]. Immune 

cells are early responders during bone injury, which impact inflammation, stem cell 

recruitment, differentiation, and tissue repair[3]. Macrophages (Mφ) with pro-inflammatory 

M1-like phenotype respond early to bone injury, and are the dominant players in acute 

inflammation phase.[4] While pro-inflammatory, M1-like Mφ is essential for progenitor 

cell recruitment [5], prolonged presence of M1 Mφ can lead to chronic inflammation 

and stem cell apoptosis[6]. As such, timely transition from pro-inflammatory M1 Mφ to 

pro-regenerative M2-like Mφ is a critical step for normal bone healing.[7] Furthermore, 

majority of previous studies in bone injury only focused on Mφ,[8] yet the role of adaptive 

T cells in the repair of critical size bone defects remains unclear. Recently, adaptive immune 

cell have been shown to play an important role in bone fracture healing, with increased 

CD8+ T cell and decreased regulatory T cells (Tregs) in peripheral blood of patients with 

delayed fracture healing.[9, 10] However, it remains unclear how different subpopulation of T 

cells affect bone healing within a critical-sized bone defect. Engineering biomaterials with 

immunomodulatory function that target both innate and adaptive immune cells represent a 

great opportunity to enhance critical size bone defect regeneration, which remains largely 

unexplored.

Recently, cell membrane-coated nanoparticles have emerged as promising biomimetic 

therapeutics for drug delivery applications. [11, 12] Cell membrane coating is advantageous 

due to its ability to mimic sophisticated cellular function by directly borrowing complex 

cues contained in native cell membrane. For example, red blood cell membrane-coated 

nanoparticles can evade immune clearance and exhibited prolonged circulating time for drug 

delivery.[13] Cancer cell membrane-coated nanoparticles have shown promise for cancer 

vaccine applications by presenting complex antigens derived from cancer cell membrane.
[11] Emerging studies have shown the promise of coating nanofibrous scaffolds with cell 

membrane for promoting pancreatic beta cell function[14] or keratinocyte proliferation[15]. 

However, these studies were limited to nanoporous scaffolds and in vitro cell studies, and 

potential of cell membrane coating for macroporous scaffolds to enhance bone regeneration 

has not been investigated before. Macroporosity has been shown to be critical for bone 
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regeneration in vivo[16]. Combining cell membrane coating with macroporous scaffolds 

offers a unique opportunity for innovation for promoting bone regeneration in vivo.

In this study, we report a mesenchymal stem cell (MSC) membrane (MSCM)-coated 

macroporous microribbon scaffold for repairing critical-sized cranial bone defect through 

targeting both innate and adaptive immune systems. MSCs were chosen due to 

their well-known immunomodulatory functions, [17] and MSC cell membrane contains 

immunomodulatory ligands such as programmed death-ligand 1 (PD-L1) and tumor 

necrosis factor ligand superfamily member 6 (TNFL6). [18] Previous research has shown 

the promise of MSC-derived exosomes for enhancing bone regeneration by targeting 

stem cell differentiation or angiogenesis.[19] Another previous study has used MSCM-

coated nanoparticles for target drug delivery to inflammatory cartilage.[20] However, the 

potential of using MSC-derived cell membrane for promoting bone tissue regeneration 

has never been explored. Gelatin microribbon (μRB) scaffolds were chosen because its 

demonstrated efficacy in supporting stem cell-based bone regeneration in vivo.[21] Its 

inherent macroporosity facilitate rapid cell infiltration without the need for degradation, 

offering additional advantage as a scaffold for immunomodulation. Previous studies have 

shown hydrogels containing macroporosity enhance cell infiltration and tissue regeneration 

in both a skin wound healing model and the cranial defect model.[21, 22] Our previous studies 

showed bone regeneration in critical size cranial bone defects decreased substantially when 

switching from immunocompromised mouse model to immunocompetent mouse model 
[21, 23], further highlighting the need for immunomodulation strategy in repairing critical 

size bone defects. We hypothesize that MSCM-coated μRB scaffolds would enhance critical-

sized cranial bone regeneration through promoting regenerative phenotype of both Mφ and 

T cells. Given that interferon (IFN)-γ primed MSCs exhibit enhanced immunomodulatory 

function [24, 25], cell membrane from both naïve and IFN-γ primed MSCs were tested. Bone 

morphogenetic proteins-2 (BMP-2) has been widely used for boosting bone regeneration, 

but often requires high concentration (i.e. 1000 ng/defect), which leads to side effects of 

uncontrolled bone formation and severe inflammation[26, 27]. To address this limitation, we 

further assess the potential of using MSCM-coated scaffolds to support bone regeneration in 
vivo using reduced dosage of BMP-2 (200 ng per defect). Our results showed successful cell 

membrane coating on microribbon scaffolds. We demonstrate MSCM coating, especially 

primed MSCM, induced regenerative immune response of both innate and adaptive immune 

cells in vitro and in vivo. Furthermore, pMSCM-coating synergized with a low dose of 

BMP-2 to induce robust endogenous bone regeneration in a critical sized mouse cranial 

defect model.

Results and Discussion

We first established a method that achieve efficient cell membrane coating on the 

macroporous μRB scaffolds by electrostatic interaction (Figure 1a). In brief, μRBs were 

covalently modified with positively charged poly-lysine, which allows binding to negatively 

charged MSCM through electrostatic interaction. Dynamic light scattering (DLS) showed 

MSCM vesicles exhibit an average diameter of 264 nm and zeta potential of −29.8 

mV (Figure S2a and S2b, Supporting Information). Transmission electron microscopy 

(TEM) confirmed MSCM forming nanosize vesicle-like morphologies after isolation (Figure 
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S2c, Supporting Information). Given MSCM coating blocked methacrylate groups on 

μRB surface needed for photo-crosslinking, the MSCM-coated μRBs were mixed with 

uncoated μRBs at 1:1 ratio to allow sufficient crosslinking. Enhanced MSCM retention 

in the μRB scaffolds were observed with increasing poly-lysine concentration (Figure 

1b). After 2-week incubation in vitro, the retention rate of MSCM was stabilized around 

82% (0.4% poly-lysine) and 71% (0.1% poly-lysine), while minimal MSCM remained in 

the scaffolds in 0.01% poly-lysine group (Figure 1b). μRB scaffolds with best MSCM 

retention rate (0.4% poly-lysine) were chosen for the following experiments. To evaluate 

the distribution of MSCM on μRBs, MSCM were fluorescently labelled. Uniform MSCM 

coating on the μRB surface was observed before crosslinking into scaffolds (Figure S2d, 

Supporting Information). SEM also confirmed the successful coating of MSCM on μRBs, 

with the scaffold showing a spongy surface morphology after MSCM coating (Figure S2e, 

Supporting Information). After mixing with uncoated μRBs (1:1 ratio) and crosslinking, the 

MSCM (red) coating remained stable on μRBs and can be seen mixed with uncoated μRBs 

(green) throughout the scaffolds (Figure 1c).

Next, we characterized the protein contents of MSCM, with a focus on analyzing ligands 

with immunomodulatory functions. MSCM from both naïve MSCs and IFN-γ primed MSCs 

were collected and compared. PD-L1 and TNFL6 are two well-known immunomodulatory 

ligands on MSCs that are known to inhibit adaptive T cell immune response through 

cell-cell contact.[18, 28] We first confirmed the presence of PD-L1 and TNFL6 on intact 

MSCs using flow cytometry (Figure 1d). Consistent with our hypothesis, IFN-γ priming 

significantly increased the expression level of PD-L1 and TNFL6, compared to naïve 

MSCs. Proteomics was also performed to characterize protein content of naive MSCM 

(nMSCM)and primed MSCM (pMSCM) in a high-throughput and comprehensive manner. 

Consistent with flow cytometry results, both PD-L1 and TNFL6 were detected in MSCM, 

with primed MSCM exhibiting higher expression level than naïve MSCM (Figure 1e). In 

addition to PD-L1 and TNFL6, other immunomodulatory molecules were detected including 

galectin (Gal)-1/Gal-3/Gal-9 [29, 30], macrophage migration inhibitory factor (MIF) [31] and 

transforming growth factor beta-1 (TGFB1).[32] These signals are known for inducing M2 

Mφ polarization, Treg differentiation and cytotoxic T cell apoptosis. Similar to PD-L1 

and TNFL6, the expression level of the observed anti-inflammatory molecules was also 

upregulated in primed MSCM compared to naive MSCM. Pro-inflammatory components 

were also found in MSCM such as histocompatibility molecules, and were downregulated 

in primed MSCM. In addition to immunomodulation, other protein motifs with biological 

function of adhesion, such as angiogenesis and osteogenesis, were also detected, but 

exhibited similar expression level between naive MSCM and primed MSCM (Figure S2f, 

Supporting Information). The above results indicate both naive MSCM and primed MSCM 

contain protein compositions that could modulate immune responses on Mφ and T cells. 

Given IFN-γ priming increased the expression level of anti-inflammatory molecules, we 

further hypothesize that primed MSCM will induce more regenerative immune response 

compared to naive MSCM.

To assess the function of MSCM-coating on innate immune cells, Mφ polarization and their 

crosstalk with stem cells were first evaluated in vitro. To mimic the acute inflammation 

after injury, Mφ were primed to M1 phenotype with IFN-γ/LPS and then seeded on μRB 
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scaffolds with or without MSCM coating (Figure 2a). Compared to 2D tissue culture plate 

(TCP), all 3D μRB scaffold groups significantly decreased M1 marker gene expression, 

including CD86, iNOS and tumor necrosis factor (TNF)-α (Figure 2b), and TNF-α secretion 

(Figure 2d). These results suggest the benefit of 3D μRB scaffolds over 2D culture in 

quenching pro-inflammatory cytokine production. A previous study has shown growing 

macrophages on soft substrates (~kPa) reduced M1 inflammatory phenotype compared 

to growing cells on glass or stiff substrates (~GPa).[33] The stiffness of μRBs used in 

our study is ~28 kPa,[34] which is several orders of magnitude softer than 2D tissue 

culture plastic (~GPa). Our observation of decreased M1 in μRB vs. 2D is consistent with 

the previous literature. Compared to the uncoated μRB scaffolds, MSCM-coating further 

significantly decreased M1 polarization, with primed MSCM-coating exhibiting the lowest 

pro-inflammatory signals. Overall, an opposite trend was observed on anti-inflammatory 

M2 marker expression and interleukin (IL)-10 secretion. Primed MSCM-μRB showed 

significantly higher M2 marker gene expression (CD206, Egr2, IL-10) (Figure 2c) and IL-10 

secretion (Figure 2e), indicating the primed MSCM-coating facilitated transition of Mφ 
from pro-inflammatory M1 to regenerative M2 phenotype. It is worth noting naïve MSCM 

showed no significant changes for most of the M2 markers except for CD206, compared to 

uncoated μRB scaffolds. Next, how MSCM-coating induced Mφ phenotypic change affect 

MSC bone formation through secretome was assessed. Conditioned medium (CM) from M1 

Mφ cultured in different conditions was collected, mixed with osteogenic medium (20% CM 

and 80% OM), and used to treat MSCs cultured in 2D (Figure 2f). Compared to the control 

group without the CM treatment, all groups treated with M1 Mφ CM showed significantly 

decreased MSC bone formation and mineralization, as indicated by alizarin red staining 

(ARS) staining (Figure 2g). Importantly, MSCM-coating partially rescued this M1 Mφ 
CM-induced inhibition on MSC-based bone formation compared to uncoated μRB scaffolds, 

with primed MSCM-μRB showing the highest amount of bone formation. ARS+ area was 

quantified in figure S3a. These results validated our hypothesis that MSCM-coating can 

reduce undesirable prolonged pro-inflammatory response, facilitated macrophage phenotype 

transition toward pro-regenerative state and rescued the inhibited MSC bone formation. 

Furthermore, our results also validated the hypothesis that primed MSCM further enhance 

the regenerative immune response than naïve MSCM.

While emerging studies have shown the promise of using biomaterials to modulate Mφ 
response to facilitate bone regeneration, [35, 36] the role of T cell subtypes in regenerating 

critical-sized cranial bone defects remains largely unclear. Using alginate hydrogels and 

a rat critical-sized femoral defect model, a recent study showed bone regeneration was 

more robust in T cell-deficient animals than immunocompetent animals.[37] These results 

highlighted the importance to better understand the role of T cell subtypes in scaffold-

mediated bone regeneration. Furthermore, previous studies were limited to long bone 

niche, yet how biomaterials mediate T cell immunomodulation in cranial bone regeneration 

remains unknown. To fill in these critical unmet needs, we next assess the effect of MSCM-

coating on T cells in vitro and in a mouse critical sized cranial defect model. Quantitative 

gene expression analyses of cells infiltrated into the scaffold reveal that macroporous μRB 

scaffolds recruited CD4+, Tregs and CD8+ T cells, with an increasing trend from day 7 to 
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day 14 (Figure S4, Supporting Information). These results provide the rationale to evaluate 

MSCM-coating on T cell immunomodulation.

The effect of MSCM-coating on T cell response were first evaluated in vitro. Given PD-

L1 and TNFL6 were identified on MSCM (Figure 1e) and their known role in inducing 

apoptosis of activated T cells [18], CD8+ T cell apoptosis was first evaluated. CD8+ T cells 

were isolated from mouse spleen and activated by CD3/CD28 Dynabeads for 3 days prior 

cell seeding. Apoptosis was evaluated by flow cytometry after 5 days (Figure 3a). Compared 

to 2D TCP, uncoated μRB scaffolds significantly increased CD8+ T cell apoptosis from 20% 

to 35% (Figure 3b, 3c). Recently, substrate stiffness has been reported to modulate T cell 

fates, and increasing stiffness enhances T-cell activation, proliferation, and migration [38]. 

These suggest mechanotransduction likely contributes to increased CD8+T cell apoptosis in 

μRB scaffolds compared to 2D. Compared to uncoated μRB scaffolds, naive MSCM coating 

and primed MSCM coating further significantly increased CD8+ T cell apoptosis to 50% 

and 73%, respectively. These are likely due to the changes in biochemical cues associated 

with various ligands on MSCM coating. The apoptotic cells exhibited double positive of 

PI and Annexin V, indicating a late stage of apoptosis. A previous study showed CD8+ 

T cells inhibited MSC osteogenesis in vitro [39], suggesting excessive CD8+ T cell may 

inhibit bone formation. Consistent with the previous report, we found CM from CD8+ T 

cells reduced MSC mineralization, indicating secretome of CD8+ T cells has an inhibitory 

effect on MSC bone formation (Figure 3d and 3e). Compared to uncoated μRB scaffolds, 

naïve MSCM-coating partially rescued the MSC mineral deposition. Strikingly, CM from 

primed MSCM-μRB scaffolds restored the bone formation to the level comparable to the no 

CM control. ARS+ area was quantified in figure S3b. This result suggests primed MSCM 

coating was sufficient to minimize the negative effect of CD8+ T cells on MSC-mediated 

bone regeneration.

Next, we assessed the MSCM-coating on Tregs differentiation in vitro. A previous 

study showed intravenous delivery of Tregs accelerated bone healing in a mouse critical-

sized cranial defect model [40], suggesting a potential beneficial role of Tregs on bone 

regeneration. Here, CD4+ T cells were isolated from mouse spleen and activated by 

CD3/CD28 Dynabeads for 3 days. For Treg differentiation, the expanded CD4+ T cells 

were seeded to μRB scaffolds or TCP, supplemented with TGF-β. Treg differentiation 

was analyzed by flow cytometry after 5 days (Figure 3f). MSCM-coating significantly 

enhanced Treg differentiation compared to the uncoated scaffold, with no differences 

observed between naïve MSCM- and primed MSCM-μRB scaffolds (Figure 3g and 3h). 

The MSCM-induced Treg differentiation is supported by the proteomic characterization, 

where Gal-1/Gal-3/Gal-9 were detected on both naïve and primed MSCM (Figure 1e). The 

expression level of Gal-1/Gal-3/Gal-9 are comparable between naïve and primed MSCM, 

which might explain their similar capacity in inducing Treg differentiation. To further assess 

the effect of enhanced differentiation of Tregs on MSC-based bone formation, CM from 

Tregs cultured under different culture conditions were collected, mixed with osteogenic 

medium, and applied to MSC. Compared to no CM control, CM from Treg differentiation 

culture increased MSC mineral deposition (Figure 3i and 3j), indicating the beneficial role of 

secretome from Tregs in MSC bone formation. Impressively, Treg CM from naive MSCM- 

and primed MSCM-μRB scaffolds substantially accelerated MSC-based bone formation, 
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with mineralization reaching a saturated level as early as day 16. ARS+ area was quantified 

in figure S3c. Consistent with our finding, a recent study demonstrated that exosomes 

secreted by Tregs can enhance MSC osteogenesis. [41] Taken together, these results validate 

that MSCM-coating enhances T-reg differentiation, which further accelerate MSC-based 

bone regeneration through secretomes.

The effect of MSCM-coating on immunomodulation was further evaluated in vivo using a 

mouse critical-sized cranial bone defect model (Figure 4a). The potential synergy between 

MSCM-coating and BMP-2 delivery was also explored using low dosage of BMP-2 (200 

ng per defect). BMP-2 was loaded using dopamine-coated mesoporous silica nanoparticles 

(MSNs) as previously reported by our lab.[42] One advantage of μRB scaffold is its 

macroporosity, which facilitate rapid immune cell infiltration in vivo. Flow cytometry 

analysis showed ~ 1 million cells have infiltrated into the scaffold by day 7, with comparable 

level of Mφ (CD11b+ F4/80+) and T cells (CD3+) infiltrated to the implanted scaffolds 

across all groups. Mφ consisted about 15% of total infiltrated cells at day 7. Compared to 

uncoated μRB or BMP-2 alone controls, both naïve and primed MSCM-coating significantly 

decreased M1 Mφ infiltration to a comparable level (Figure 4b). BMP-2 synergized with 

MSCM-coating to further decrease M1 Mφ population, with primed MSCM+BMP exhibited 

the lowest number of M1 Mφ among all groups. While MSCM-coating alone decreased 

proinflammatory response by suppressing M1 Mφ and CD8+ T cell activity (Figure 4b and 

4d), it was not sufficient to increase regenerative immune response of M2 Mφ and Tregs 

(Figure 4c and 4e) in vivo. Importantly, co-delivery with BMP-2 significantly increased M2 

Mφ population compared to μRB control and BMP-2 alone group. Co-delivery of BMP-2 

with MSCM-coating also increased Tregs population, with primed MSCM+BMP inducing 

highest number of Tregs (Figure 4e). It is worth noting MSCM-coating alone without 

BMP-2 did not induce significantly change in Treg number compared to control, suggesting 

BMP-2 and MSCM-coating synergy is required for modulating Treg population. Together, 

these results showed both MSCM-coating and BMP-2 are required to elicit regenerative 

immunomodulation of both innate and adaptive immune cells in vivo.

Immune response can directly modulate endogenous stem cell recruitment to implanted 

scaffolds in vivo.[43] We next assessed early recruitment of MSCs using flow cytometry. 

The flow cytometry gating and representative dot plots for characterizing immune cell 

and MSC population were shown in Figure S5. Similar to the trend observed with Treg 

modulation, primed MSCM+BMP induced the highest percentage of endogenous MSC 

recruitment (Figure 4f). Compared to uncoated μRB control and naïve MSCM group, primed 

MSCM, BMP and naïve MSCM+BMP groups also increased endogenous MSC recruitment 

with significance. These results suggest BMP-2 delivery can directly increase endogenous 

MSC recruitment, which is further enhanced by crosstalk with immune system through 

primed MSCM coating.

Delayed fracture healing in patients has been shown to correlate with decreased Tregs and 

CD8+ T cell ratio in blood [44] [45], suggesting bone healing may be predicted by monitoring 

adaptive immune response at a systemic level. Unlike samples from the cranial defect, one 

advantage of using peripheral blood to monitor immunomodulation is that it is a minimal 

invasive procedure that does not require harvesting samples from the defect. To assess if 
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peripheral blood may be used for predicting biomaterials-mediated immunomodulation in 

the cranial bone niche, Tregs and CD8+ T cell ratio were collected from the peripheral blood 

at day 14 and analyzed (Figure 4a). Similar to the trend observed in the cranial bone niche, 

primed MSCM+BMP group was the leading group with significantly decreased CD8+ T 

cells, increased Tregs, and increased Tregs/TCD8+ ratio in peripheral blood compared to 

other groups (Figure 4g–i). These results suggest it is possible to use peripheral blood 

to predict adaptive immune response induced by biomaterials implanted in cranial bone 

defects, although the sensitivity in detecting differences among groups is still higher in the 

local niche than peripheral blood.

Next, we assess the effect of MSCM-coating and BMP-2 delivery on μRB scaffold-

mediated endogenous bone regeneration using a mouse critical size cranial defect model. 

Impressively, both MSCM-coated groups with BMP-2 induced early mineralized bone 

regeneration at week 2 (Figure 5a and 5b). This trend continued to increase. By week 

6, 90% of bone defect was filled in pMSCM+BMP group, followed by 60% filling by 

nMSCM+BMP group. In contrast, BMP-2 alone led to only 37% of bone filled by week 

6. Group without BMP-2 showed minimal bone formation, indicating that while MSCM 

coating induced regenerative immune response, a low dosage of BMP-2 is still needed 

to achieve robust bone regeneration. The trend in bone regeneration correlates with the 

trend observed in immunomodulation in the bone niche (Figure 4b–e), indicating the 

enhanced bone regeneration is, at least partly, contributed by immunomodulation. Previous 

studies suggested highly inflammatory environment can desensitize endogenous stem cells 

response to growth factor,[46, 47] which may explain why MSCM coating enhances BMP-2-

induced bone regeneration via immunomodulation. The group that showed most robust 

bone formation (pMSCM+BMP) also showed the significantly higher Tregs/TCD8+ ratio in 

peripheral blood (Figure 4i). This data suggest Tregs/TCD8+ ratio in peripheral blood could 

be used as a biomarker to predict the healing outcomes in patients with critical sized cranial 

defects.

To further assess newly formed bone morphology, remodeling and vascularization, histology 

and immunostainings were performed. Newly formed bone was highest in pMSCM+BMP 

group, followed by nMSCM+BMP (Figure 5c). Similar trend was observed in osteoclast 

activity, as shown by TRAP staining, indicating active bone remodeling (Figure 5d). 

Osteoclasts are indispensable for replacing biomaterial implants with newly regenerated 

bone, and suppression of osteoclastogenesis has been shown to inhibit biomaterial-

mediated bone regeneration.[48, 49] Osteoclasts can also directly promote osteogenesis 

and angiogenesis through secretome,[50, 51] and increasing osteoclast population promoted 

vascularization and bone regeneration in a mouse critical-sized cranial defect model.[52] 

Both MSCM-coated groups with BMP-2 showed significantly higher vascularization, as 

shown by CD31 staining (Figure 5e). Proteomic analysis of MSCM identified ligands 

related to angiogenesis including myeloid-derived growth factor (MYDGF)[53], cell surface 

hyaluronidase 2 (CEIP2)[54], and CCN1[55] (Figure S2f, Supporting Information). These 

ligands may directly promote angiogenesis, which contributes to the observed enhanced 

bone regeneration. Finally, immunostaining of MSC marker (CD90+) showed both MSCM 

coated group with BMP-2 led to significantly enhanced recruitment of endogenous MSCs 

(Figure 5f). This is consistent with the trend of flow cytometry result (Figure 4f). 
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Interestingly, pMSCM+BMP group showed comparable vessel density and MSC number 

as nMSCM+BMP group (Figure 5e, f), but resulted in significantly higher bone formation 

(Figure 5b). These results further highlight the importance of immunomodulation for bone 

healing, given pMSCM coating induces a more robust regenerative immune response than 

nMSCM coating (Figure 4) in vivo.

To further elucidate how BMP-2 and pMSCM-coating synergize to enhance on bone 

regeneration, we conducted in vitro studies to assess macrophage phenotype and MSC 

osteogenesis in response to singular or combination treatments (Figure 6a). BMP-2 

alone induced polarization of macrophage towards inflammatory phenotype, as shown by 

increasing CD86 expression and TNF-α secretion (Figure 6b, c). This recapitulates the 

inflammatory responses of BMP-2 that are typically associated with high dosage use in 

clinical setting.[56]. High dosage of BMP-2 can lead to undesirable swelling, associated 

with increased recruitment of monocytes, macrophages and lymphocytes.[57] While high 

dosage of BMP2 is reported to induce inflammation and uncontrolled bone formation, low 

dosage of BMP2 has also been shown to induce M2 polarization and enhanced osteogenesis 

in vitro.[58, 59] These results suggest the effect of BMP2 on inflammation is dosage-

dependent.Importantly, when BMP-2 is combined with pMSCM coating, the undesirable M1 

Mφ activation induced by BMP-2 was minimized. Instead, Mφ exhibited pro-regenerative 

phenotype, as shown by significantly upregulated CD206 expression and increased IL-10 

secretion. These results indicate that pMSCM coating can not only quench BMP-2 induced 

inflammation, but also promote macrophage polarization towards regenerative phenotype. 

There are several possible mechanisms through which MSCM suppress BMP2-induced 

inflammatory responses. First, MSCM contains rich immunomodulatory ligands, which 

could direct bind to corresponding receptors on both innate and adaptive immune cells to 

modulate their signaling and phenotype. Second, the immunomodulatory ligands present 

on MSCM can also directly bind to free inflammatory cytokines, thus reducing the 

concentration of undesirable inflammatory signals. Future research could conduct inhibition 

studies to identify the specific role of certain ligands on MSCM that are responsible for 

suppressing BMP-induced inflammation.

Furthermore, pMSCM-coating alone also showed beneficial effect on MSC osteogenesis, 

as shown by significantly upregulated bone marker expressions including runt-related 

transcription factor 2 (Runx2), alkaline phosphatase (ALP) and osteocalcin (OCN) 

(Figure 6e). This trend was further validated using ALP staining and ARS staining for 

mineralization (Figure 6f and 6g). The beneficial effect of pMSCM-coating on MSC 

osteogenesis may be explained by proteomic analysis of pMSCM, where identified pro-

osteogenic ligands were identified including ALP [60], Annexin A4 (ANXA4)[61], and 

stem cell recruiting molecules (SDF-2) (Figure S2f, Supporting Information). Combining 

pMSCM coating and BMP-2 led to the highest level of bone marker expressions (Fig. 6e), 

further validating their synergistic effect on enhancing bone formation.

In summary, here we report stem cell membrane-coated macroporous μRB scaffolds for 

immunomodulation and enhancing endogenous bone regeneration in a critical size cranial 

defect model (Fig. 7). We found MSC membrane coating elicited regenerative immune 

responses of both Mφ and T cells in vitro and in vivo. Cell membrane from MSCs 
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primed with pro-inflammatory cytokines further enhances regenerative immune response 

and promotes MSC osteogenesis. When combined with a low dosage of BMP-2, primed 

MSC membrane coating further accelerated endogenous cranial bone regeneration, while 

suppressing BMP-2 induced inflammation. The present study filled the gap of knowledge 

on the role of adaptive immune cells in the regeneration of critical-sized bone defects. Our 

findings provide strong evidence to support future research in applying cell membrane 

coating for functionalizing macroporous scaffolds for immunomodulation and tissue 

regeneration applications. Previous studies have shown cell membrane bound secretory 

factors, such as TGFβ and galectins, could modulate immune cell responses via cell-cell 

contact.[62] Using proteomic analysis, we also identified MSCM contains transmembrane 

ligands such as FASL and PD-L1 with known immunomodulatory functions (Fig. 1).[18] We 

speculate that MSCM coating-induced immune responses are contributed collectively by a 

combination of these ligands from MSCM, instead of just one or two ligands. Compared 

to strategies that modify scaffold surface with a few specific ligands, cell membrane 

coating has the advantage of targeting multiple biological processes and ease of application. 

Here we chose MSC membrane due to their known immunomodulatory functions. Future 

studies may explore cell membrane derived from other cell types for targeting different 

biological processes associated with tissue regeneration. While the present study focuses 

on microribbon scaffolds and bone regeneration, the concept of integrating cell membrane 

coating with scaffolds for immunomodulation can be broadly applied for functionalizing 

other scaffolds and regenerating other tissue types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of MSCM-coated μRB scaffolds.
(a) Coating μRB scaffolds with mesenchymal stem cell membrane derived from naïve MSCs 

(nMSCM) or primed MSCs (pMSCM) treated with inflammatory cytokines. (b) Optimizing 

the retention of MSCM coating on μRB scaffolds by tuning poly-lysine concentration (n=4/

group). (c) Visualizing MSCM coating using confocal imaging. Uncoated μRBs: green, 

coated μRBs: red; MSCM-coated scaffold is formed using 1:1 mixture of MSCM-coated 

μRBs and uncoated μRBs to allow efficient photocrosslinking. Scale bar: 100 μm. (d) Flow 

cytometry confirmed the presence of PD-L1 and TNFL6 on the surface of intact MSCs 

(n=3/group). (e) Proteomics characterization of naïve or primed MSCM showed abundant 

ligands related to anti-inflammatory and pro-inflammatory signaling. Data are represented as 

mean ± S.D. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. MSCM-coated μRB scaffolds significantly inhibited M1 Mφ polarization, and partially 
rescued MSC osteogenesis in the presence of M1 Mφ-secreted cytokines in vitro.
(a) Schematic of experimental design. Four groups were evaluated including 2D tissue 

culture plastic (TCP), uncoated μRB scaffolds, and μRB scaffolds coated with nMSCM or 

pMSCM. (b, c) Normalized gene expressions of M1 Mφ markers (b) and M2 Mφ markers (c) 

at 8 hours after seeding; (d, e) ELISA measurement of TNF-α (d) and IL-10 (e) released by 

Mφ after seeding on TCP or different μRB scaffolds for 24 hours. (f) Evaluating the effects 

of Mφ condition medium and MSCM coating on MSC osteogenesis in vitro. (g) Alizarin 

red S staining showed conditioned medium (CM) from Mφ in TCP and μRB alone inhibited 

MSC mineralization, whereas MSCM coating rescued MSC mineralization. Scale bar: 200 

μm. Data are represented as mean ± S.D. (n = 4/group). *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001.
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Figure 3. MSCM-coating rescued MSC osteogenesis and mineral deposition in vitro by inducing 
CD8+ T cell apoptosis while enhancing Treg differentiation.
(a-c) Evaluating the effects of MSCM coating on TCD8+ apoptosis using flow cytometry; 

(b) representative flow cytometry plots and (c) quantification of apoptotic CD8+ cells, (d-e) 

Evaluating the effects of conditioned medium (CM) from TCD8+ cultured under different 

conditions on MSC mineralization using ARS staining; (f-h) Evaluating the effects of 

MSCM coating on Treg differentiation; (g) Representative flow cytometry plots and (h) 

quantification of Tregs (of CD25+ FoxP3+); (i-j) Evaluating the effects of CM from Treg 

cultured under different conditions on MSC mineralization; Data are represented as mean ± 

S.D. (n = 4/group). Scale bars: 200 μm. **P < 0.01, # indicates P < 0.001 when compared 

with all other groups.
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Figure 4. Primed-MSCM coating synergizes with BMP-2 to modulate both innate and adaptive 
immune responses and stem cell recruitment in a mouse critical-sized cranial defect model.
(a) In vivo experimental design for characterizing infiltrated immune cells and MSCs into 

μRB scaffolds in the cranial defect using flow cytometry. (b-e) Percentage of CD86+ M1 Mφ 
(b) and CD206+ M2 Mφ (c) at day 7; Percentage of CD8+ T cells (d) and FoxP3+CD25+ 

Tregs (e) at day 14; (f) Percentage of CD90+ MSCs at day 14. (g-i) Percentage of CD8+ T 

cells (g), FoxP3+CD25+ Tregs (h) and the ratio of T CD8+/Tregs (i) in peripheral blood at 

day 14. Dashed line indicates baseline from mice without surgery. Data are represented as 

mean ± S.D. (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. # indicates P < 

0.001 compared to all other groups.
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Figure 5. MSCM-coating synergized with BMP-2 to enhance new bone formation, angiogenesis 
and stem cell recruitment in vivo.
(a) Representative μCT images and percentage of newly formed bone volume in the mouse 

cranial defects at week 2 and week 6. (c) Representative morphology of newly formed 

bone at week 6, as shown by H&E staining. White triangles mark the edges of the defect. 

Scale bar: 1 mm in low magnification images, 100 μm in high magnification images. 

(d) Representative TRAP staining images for osteoclasts at week 6. (e, f) Representative 

immunofluorescent staining images and quantification of CD31+ endothelial cells (e) and 

CD90+ MSCs (f) in the cranial defects at week 6. Scale bar in (e, f): 100 μm. Data are 

represented as mean ± S.D. (n = 5). ****P < 0.0001.
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Figure 6. Primed MSCM coating mitigated BMP-induced inflammation, promoted macrophage 
polarization towards M2 phenotype, and enhanced MSC osteogenesis in vitro.
(a) Schematics and timeline for evaluating Mφ polarization in response to BMP-2 and 

pMSCM coating. (b-c) Gene expressions of CD86, CD206 (b) and cytokine secretion (TNF-

α and IL-10) (c). (d) Schematics and timeline for evaluating MSC osteogenesis in response 

to primed MSCM-coating and BMP-2 treatment. (e) Osteogenic gene expression of MSCs 

at week 2 in uncoated μRB scaffolds or MSCM-μRB scaffolds. (f, g) Representative images 

of ALP staining at week 1 (f) and ARS staining at week 4 (g). Scale bar: 1 mm. Data are 

represented as mean ± S.D. (n = 4/group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001.
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Figure 7. A schematic summary of primed MSCM-coated μRB scaffolds enhance bone 
regeneration through inducing regenerative immune response of both innate and adaptive 
immune cells, modulating the crosstalk between immune cells and MSCs, and synergizing with 
BMP-2.
Primed MSCM-coating contains ligands that promote Mφ polarization towards M2-like 

phenotype, induces Treg differentiation and TCD8+ apoptosis, and directly enhances MSC 

osteogenesis.
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