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ABSTRACT

The foreign-body reaction (FBR) caused by the implantation of synthetic polymer scaffolds seriously affects
tissue-biomaterial integration and tissue repair. To address this issue, we developed a cell membrane-biomimetic
coating formed by “click”-mediated liposome immobilization and fusion on the surface of electrospun fibers to
mitigate the FBR. Utilization of electrospun polystyrene microfibrous scaffold as a model matrix, we deposited
azide-incorporated silk fibroin on the surface of the fibers by the layer-by-layer assembly, finally, covalently
modified with clickable liposomes via copper-free SPAAC click reaction. Compared with physical adsorption,
liposomes click covalently binding can quickly fuse to form lipid film and maintain fluidity, which also improved
liposome stability in vitro and in vivo. Molecular dynamics simulation proved that “click” improves the binding
rate and strength of liposome to silk substrate. Importantly, histological observation and in vivo fluorescent
probes imaging showed that liposome-functionalized electrospun fibers had negligible characteristics of the FBR
and were accompanied by many infiltrated host cells and new blood vessels. We believe that the promotion of
macrophage polarization toward a pro-regenerative phenotype plays an important role in vascularization. This
bioinspired strategy paves the way for utilizing cell membrane biomimetic coating to resist the FBR and promote

tissue-scaffold integration.

1. Introduction

Biomaterials have become more important in solving many clinical
and healthcare problems, and are widely used in the fields of biomedi-
cine. An important consideration in the design of biomaterials is the
interaction between the implant materials and the host immune system
[1,2]. Electrospun micro/nanofibrous scaffolds, as functional carriers
for cells and drugs, have been used in a wide range of biomedical ap-
plications, including wound healing, tissue engineering, and drug de-
livery [3-5]. However, because the high surface area of electrospun
fibers increases non-specific protein adsorption, the resulting
foreign-body reaction (FBR) limits the functionality in vivo [6,7]. The
formation of FBR mainly includes the following four steps: i. After im-
plantation of electrospun micro/nanofibrous scaffolds, non-specific
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proteins adsorb on the surface of fiber, and then the provisional ma-
trix forms at the material-tissue interface; ii. As acute inflammation
occurs, cytokines and chemokines that provisional matrix released
promote the recruitment, migration, proliferation, and activation of
inflammatory cells such as macrophages and neutrophils; iii. In the
process of the later stage of FBR, macrophages fuse into foreign-body
giant cells (FBGCs); iv. Finally, fibroblasts and myofibroblasts deposit
on the surface of scaffolds, which form collagen fibrotic capsules around
materials. The overall FBR process is completed within 2-3 weeks after
implantation [8-10]. The formed fibrotic capsules isolate biomaterials
and surrounding tissues, resulting in the significant reduction of
biomaterial-tissue crosstalk and integration.

At present, researchers have found various physical, chemical, and
biological methods to mitigate FBR caused by biomaterials
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implantation. Physical methods mainly regulate physical parameters of
biomaterials, which can affect macrophages polarization and reduce the
formation of collagen fibrotic capsules, including the pore sizes of
porous scaffolds [11,12], the stiffness of substrate materials [13,14], the
sizes of particles [15], and the surface topology [16-18]; The chemical
methods are mainly addition or modification of functional chemical
groups [19,20], antifouling zwitterionic polymers [21,22], and natural
macromolecules [23-25] to reduce the protein adsorption and cell
adhesion; Biological methods are mainly regulation of macrophages
polarization by immunomodulatory factors such as interleukin-4 (IL-4)
and IL-10 [26-28]. Although most of the physical and chemical strate-
gies can effectively reduce the non-specific protein adsorption and host
immune cell adhesion, they may ignore the inherent host immune sys-
tem response and reduce the integration of tissue-material and wound
healing effect. Inmunomodulators of cytokines and chemokines also
have some disadvantages, such as side effects, high cost and short
half-life in vivo. Recently, using biomimetic technology to construct in
vivo “camouflaged” or “invisible” cell membrane-mimetic coatings is an
emerging concept for the development of nanoparticles-based drug de-
livery system [29-31]. We hypothesize this concept has a potential to be
applied in the research field of mitigating FBR caused by implanted
macroscopic biomaterials.

Liposomes have cell membrane structure and composition with
phospholipid bilayer which are synthetic spherical vehicles enclosing an
aqueous compartment and show excellent biocompatibility. As drug
delivery systems, many liposomal formulations have been approved by
the Food and Drug Administration (FDA) and widely applied in the
clinic, including cancer therapeutics, fungal disease treatment, analge-
sics, photodynamic therapy, and viral vaccine delivery [32,33]. The
primary building blocks of liposome are phosphocholine (PC) lipids. The
zwitterionic headgroup of PC is known for its anti-protein adsorption
property, and various artificially designed biocompatible coatings also
use similar surface chemistry [34-36]. In addition to being a drug car-
rier, it is worth noting that liposomes have been found to have clinical
effects on immunosuppression and anti-fibrosis. For example, Fotiadis
et al. performed a midline laparotomy wound model in rat and showed
that phospholipids reduced the secretion of local proinflammatory and
profibrotic cytokines and inhibited fibrogenic properties of mesen-
chymal cells, which finally lead to the prevention of post-operative
peritoneal adhesions [37]. La-Beck et al. also found that through
decreased inflammatory factor interferon-y (IFN-y) expression by mac-
rophages and cytotoxic T cells, liposomes can induce immunosuppres-
sion and improve angiogenesis [38,39].

In our previous work, we developed silk surface-functionalized
electrospun fibers by single-component layer-by-layer (LbL) assembly
and decorated the silk fibroin (SF) with IL-4 by click chemistry [40,41].
We found that these fibers with immunomodulatory ability can mitigate
the FBR by regulating macrophage polarization in the early stage.
However, the long-term release of IL-4 will cause local tissue fibrosis is
still worthy of attention. In this study, we developed covalent bond
mediated liposome fusion to construct “camouflage” coating to mitigate
FBR and promote material-tissue integration. To prevent the interfer-
ence caused by polymer degradation, we used bioinert polystyrene (PS)
as a model polymer for electrospinning. Following the preparation of
electrospun PS microfibrous scaffolds, SF-functionalized electrospun
fibers by LbL deposition and then covalently modified with liposomes
via copper-free strain-promoted azide-alkyne cycloaddition (SPAAC)
click chemistry. We tested the hypothesis that the silk coating acts as a
"bridge" to covalently immobilize liposomes and effectively mediate
liposome fusion, forming a stable cell membrane-biomimetic lipid film
(Fig. S1). Molecular dynamics simulations were used to theoretically
analyze the interaction of liposomes physically adsorbed or
click-bonded to the SF substrate. Importantly, the foreign-body re-
sponses to the liposome-decorated electrospun scaffolds in mice subcu-
taneous, including host cell infiltration, fibrotic tissue formation,
inflammatory cell aggregation, angiogenesis, and macrophage
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polarization, were investigated.
2. Results

2.1. Experimental design of liposome surface-modified electrospun PS
fibers

We assembled a mixture of 1,2-dimyristoyl-sn-glycero-3-phosphati-
dylcholine (DMPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE), and cholesterol that mimicked the cell membrane’s physio-
logic components. Among them, DSPE has a clickable functional group
N-dibenzocyclooctyne (DBCO) for further covalent surface modification
of electrospun fibers (Fig. la, black box). Liposomes with a specific
molar ratio of phospholipid composition (DMPC: DSPE: cholesterol =
78:2:20) were obtained by the thin layer evaporation (TLE) and extru-
sion through polycarbonate (PC) membranes (Fig. S2). The fabrication
of liposome surface-modified nanofibrous scaffolds can be divided into 3
steps (Fig. 1a). The first step was to prepare polystyrene microfibrous
scaffolds by electrospinning. Then the scaffolds were coated with SF or
SF-azido via LbL self-assembly technique. The LbL deposition is mainly
based on the driven forces of silk-silk hydrophobic interaction [40]. In
the third step, the silk-coated PS microfibers were incubated with the
click-functionalized liposome suspension at room temperature, and li-
posomes were physically adsorbed or covalently attached to the fibers,
respectively. After that, PS fibers (Control), silk-coated fibers (Silk
coating), liposomes physically adsorbed fibers (Adsorption) and
click-covalently bonded fibers (Click) were implanted subcutaneously in
mice to study the foreign-body reaction in vivo and related biological
mechanisms (Fig. 1a, red box). In this study, we will investigate: @ Will
“adsorption” and “click” cause liposomes to fuse and form lipid bilayers?
® Does the formed lipid film have fluidity? ® Could “click” enhance the
stability of lipid film in vitro and in vivo? and ® Does the
surface-modified liposome have a positive effect on the foreign-body
reaction of the implanted electrospun scaffold? (Fig. 1b).

2.2. Characterization of clickable silk, liposomes, and LbL SF deposition

The covalent bonding between liposomes and SF-azido coating
involved three procedures: diazonium coupling reaction, LbL coating
and SPAAC click chemistry. Firstly, tyrosine residues in SF reacted with
the diazonium introducing the azido groups into SF molecules (Fig. 2a,
Step 1). To analyze the chemical bond and the conformational changes
following this step, we examined the SF and SF-azido powder samples
using Fourier transform infrared (FTIR) spectra (Fig. 2b). The charac-
teristic peaks of the SF occurred at 1650 cm~! (amide I) and 1532 cm !
(amide II), which was consistent with previous studies [40]. For
SF-azido, the characteristic peak at approximately 2124 cm ! reflected
the azido group, and the characteristic peaks at 1628 cm™! and 1520
cm ™! indicated the formation of p-sheet structures. After the preparation
of SF and SF-azido solution, the deposition of different numbers of SF
layers was displayed using fluorescein isothiocyanate (FITC)-labelled SF
during the LbL coating procedure (Fig. 2e). Confocal laser scanning
microscopy (CLSM) images showed that the increase in numbers of
coated layers resulted in the sufficient and uniform distribution of
FITC-labelled SF on the surface of PS fibers. According to the quantita-
tive fluorescence intensity of FITC-labelled SF, the scaffolds were
adequately coated with SF after 5 layers of deposition, demonstrating
that it is feasible to coat PS microfibrous scaffolds with SF via LbL as-
sembly technique. The SF-azido reacted with the DBCO group in lipo-
some forming the triazolyl via Cu-free SPAAC click reaction (Fig. 2a,
Step 2). Zeta-potential measurements showed that liposomes were
neutral and the addition of alkynyl rarely changed the charge (Fig. 2d).
As characterized by dynamic light scattering (DLS), conventional lipo-
somes tended to agglomerate into larger particles (341.7 nm), whereas
alkyne-functionalized liposomes remained uniform particles (233.1
nm). To detect the azido-alkynyl bond, the SF, SF-azido solutions, and
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Fig. 1. Experimental design of liposome surface-modified electrospun PS fibers. (a) Schematic illustration of liposome surface-modified electrospun polystyrene (PS)
fibers via physical adsorption and click chemistry. The experimental process involves preparing PS microfibrous scaffolds by electrospinning, coating silk fibroin as a
“bridge” on the surface of electrospun fibers via layer-by-layer deposition, liposome surface-modified electrospun fibers via physical adsorption or click chemistry,
and finally assessing the effect of this cell membrane biomimetic coating on the foreign-body reaction. (b) The main research issues of this study.

reaction mixture of SF-azido and fluorophore-alkynyl were analyzed
using UV-Vis absorbance spectra from 225 to 500 nm (Fig. 2c). The
diazonium coupling reaction with tyrosine residues in SF generated an
absorption band at 352 nm, demonstrating that the reaction successfully
attached the azido groups to the SF. Fluorophore-alkynyl was added into
the SF-azido solution and the absorption band significantly weakened,
indicating the formation of azido-alkynyl conjugates via click chemistry.
For further evaluation of bonding efficiency, residual washing solutions
were analyzed after the adsorption process or click reaction. SF-coated
or SF-azido-coated fibers were immersed in the DBCO containing fluo-
rescent probe (DBCO-PEG4-tetramethylrhodamine) solution. After re-
action, we washed successively with ultrapure water and sodium
dodecyl sulfate (SDS) solution to remove uncombined fluorophores
(Fig. 2). To compare the bonding efficiency, the residual washing so-
lution was collected and measured using the fluorescence spectropho-
tometer. The fluorescence intensity of washing solution after click
reaction was appreciably lower than that of washing solution after the
adsorption method, indicating that more DBCO containing fluorescent
probe were immobilized onto fibers via click chemistry.

2.3. “Click” surface modification to promote liposome fusion and
maintain fluidity

As a cell membrane biomimetic coating, uniformity and fluidity are
important physical properties of lipid bilayers, which can improve sta-
bility and provide subsequent embedding for functional proteins such as
antibodies and cytokines [36,42,43]. Scanning electron microscope
(SEM) images revealed the changes in the surface roughness of PS fibers
after being coated with SF and liposome (Fig. 3a). Compared with
control groups, multiple SF deposition made fibers obviously rough. The
fibers decorated with liposomes exhibited different surface morphology.

Many particles unevenly distributed on the surface of fibers via physical
adsorption. By contrast, the covalent binding possibly helped liposomes
perform a stretched structure and the fibers tended to be much
smoother. CLSM images also displayed the different surface distribution
of liposomes on fibers (Fig. 3b). In the adsorption group, the liposomes
remained particle morphology and dispersedly adsorbed on the surface
of SF-coated fibers, while the liposomes immobilized on fibers via click
chemistry evenly distributed. The high-resolution image of cross-section
of liposome-decorated fibers was obtained by TEM (Fig. 3c). Larger
particles were deposited on the fiber surface in the adsorption group.
Conversely, a continuous distribution of small liposomes was discovered
and a uniform lipid membrane was formed in the click group. As shown
in Fig. 3d, electrospun PS microfibrous scaffold was hydrophobic and
the water contact angle reduced from 117° to 87° after being coated
with silk, which significantly improved the hydrophilicity of the PS
scaffolds. For the electrospun fibers decorated with liposomes, the water
droplets permeated immediately indicating their super hydrophilicity.
The fluidity of lipid film on the fibers was investigated by fluorescence
recovery after photobleaching (FRAP) experiments. After photo-
bleaching, in both the adsorption group and the click group, surround-
ing fluorescent-labelled lipids moved to the photobleached black region
and the red fibers were emerged again (Fig. 3e). The degree of recovery
was evaluated by measuring the fluorescence intensity of the regions
(Fig. 3f). In the adsorption group, the fluorescence intensity of recovery
region gradually increased by 15% in 720 s. Likewise, the fluorescence
intensity of fibers decorated with liposomes via click chemistry
increased by 13%, which means the covalent conjugation slightly
restricted the movement of lipids.
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Fig. 2. Characterization of clickable silk, liposomes, and LbL SF deposition. (a) SF tyrosine diazonium coupling reaction introduces azide group (Step 1) and azido-
functionalized SF connects DBCO of DSPE component in liposomes by copper-free SPAAC click chemistry (Step 2). (b) FTIR spectra of SF and azido-functionalized SF.
(c) UV-Vis absorbance spectra of SF, azido-functionalized SF, and azido-functionalized SF after click chemistry from 225 to 500 nm. (d) Dynamic light scattering
(DLS) analysis the size and zeta-potential of liposomes with clickable group and conventional liposomes. (e) Silk layer-by-layer deposition on the surface of elec-
trospun PS fibers. Representative CLSM images of electrospun PS fibers with 1 layer and 5 layers of FITC-labelled SF (green) surface deposition and corresponding
quantitative fluorescence intensity. Data are presented as the mean + SD (n = 4). (f) Click chemistry and nonspecific adsorption of the DBCO containing fluorescent
probe on azido-functionalized SF coated electrospun scaffolds. Quantitative fluorescence density of the residual washing solution. Data are presented as the mean +

SD (n = 12).

2.4. “Click” surface modification to improve liposome stability in vitro
and in vivo

The stability of liposomes is an important parameter in clinical ap-
plications, wherefore we anticipate a covalent bond with the SF coating
could prolong the retention time of liposomes in vitro and in vivo. We
used CLSM and in vivo imaging system (IVIS) to detect the attenuation of
the fluorescence intensity of RhB-labelled liposomes on the fiber surface
to analyze the stability of liposomes in vitro and in vivo (Fig. 4). The
electrospun fibrous scaffolds decorated with liposomes via different
methods were incubated in PBS buffer at 37 °C for 7 days, and the so-
lution was changed frequently. At first, both adsorption and click reac-
tion produced the excessive accumulation of liposomes, or in other
words, liposomes did not form lipid membranes on fibers in 6 h. After 24
h, the agglomerate particles negligibly decreased in the adsorption
group, in contrast to the liposomes immobilized on fibers via click
chemistry, which fused and turned into the lipid membranes. As shown
in Fig. 4c, after 7 days incubation, although the liposomes partially
fused, some particles still adhered to the surface of the fiber in the
adsorption group. In contrast, the fiber surface still maintained a uni-
form lipid film in click group. We further analyzed the degradation of
liposomes in vitro by detecting changes in fluorescence intensity
(Fig. 4d). For physical adsorption, fluorescence intensity of liposomes
declined to 30.50% of the initial value after 7 days of incubation,
implying that most liposomes were lost or degraded. For click chemistry,
the fluorescence intensity kept increasing in the first three days and
reached a peak on the third day, which was consistent with the forma-
tion of the lipid membrane. The final fluorescence intensity was 52.39%
of the maximum value in the click group after 7 days of incubation,
significantly higher than that of the adsorption group. It seemed that
click chemistry is beneficial for the even distribution of lipid layers on
fibers and effectively reduces the loss of liposomes.

The in vivo stability of liposomes was investigated using IVIS (Fig. 4e
and f). The living imaging of mice implanted with unlabeled scaffolds

did not show any fluorescent spots indicating that the interference from
the autofluorescence of materials can be ignored. By measuring the
fluorescence density, liposomes adsorbed to scaffolds were detected to
degrade fast and hardly showed fluorescence signal after 14 days im-
plantation. Liposomes click immobilized on scaffolds exhibited a higher
fluorescence intensity and a slower downward trend. It is worth noting
that after 7 days of implantation in vivo, it can be found that the fluo-
rescence intensity decreased significantly in the “adsorption” group to
4.96%, and to 36.75% in the “click” group. Even after 14 days of im-
plantation, the fluorescence intensity of the “click” group remained
above 20% (23.2%). This phenomenon is consistent with the results of in
vitro stability assessment.

2.5. Molecular dynamics simulation proves that “click” improves the
binding rate and strength of liposome to silk substrate

In order to explain the rapid fusion in the click group, we conducted
the MD simulations and displays the initial configuration of the
liposome-SF system and the output configurations of 4 ps MD simulation
systems of physical adsorption and click chemistry (Fig. 5a). In a short
time, DSPE-DBCO in liposomes can be tightly bound to the SF-azido
coating through click chemistry, while liposomes without click group
are still dissociated rather than adsorbed on the fiber. In the 4 ps MD
simulation system (Fig. 5b), click chemistry makes the contact frequency
of liposomes and silk substrate increase rapidly with time. However,
physical adsorption of liposomes does not increase the contact amount
with SF. Therefore, a small amount of covalent bonding can make li-
posomes combine with the substrate more effective. The results indi-
cated that click chemical covalent bonding can accelerate the
immobilization of liposomes on the fiber and facilitate the fusion of li-
posomes into lipid bilayers.

In order to explain the stability of lipid membrane coating fibers via
physical adsorption and click chemistry, we used MD to simulate the
different interactions between the lipid membrane formed by liposome
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Fig. 3. “Click” surface modification to promote liposome fusion and maintain fluidity. (a) SEM images of the surface morphology of different electrospun fibers:
“control” group (neat PS fibers), “silk coating” group (SF multilayers deposition on the surface of fibers), “adsorption” group (liposome-decorated fibers via physical
adsorption), and “click” group (liposome-decorated fibers via covalent bonding). (b) Representative CLSM images were performed to observe the distribution of FITC-
labelled SF (green) on PS fibers and RhB-labelled liposomes (red) on SF-coated fibers via “adsorption” and “click” group. (c) Representative TEM images were
performed to observe the morphology and distribution of liposomes immobilizing onto SF-coated fibers via “adsorption” and “click”. The black arrow indicates
physically adsorbed liposome particles, and the red arrow indicates covalently bound liposome fusion film. (d) Water contact angle of different scaffolds. Data are
presented as the mean + SD (n = 4). (e) Fluorescence recovery after photobleaching (FRAP) of lipid film on the surface of fibers to analyze their fluidity. CLSM real-
time observation of the fluidity of fluorescent-labelled lipid film (red) in “adsorption” and “click” group. The yellow box means the photobleaching region. Scale bars:
20 pm. (f) Fluorescence recovery percentage of the photobleached region of the “adsorption” and “click” fibers in 720 s.

fusion and the silk substrate. Both physical adsorption and covalent
bonding can form continuous lipid film on SF coating (Fig. 5c). Ac-
cording to the time evolution of number of contacts between SF and lipid
film (Fig. 5d), the contact frequency of click chemistry was obviously
higher than that of physical adsorption over 4 ps? Compared with
physical adsorption, the binding energy (interaction energy) of click
covalent bonding is increased by about 17 times. (Fig. 5e), indicating
that the lipid film covalent bound to SF coating forms a more stable
structure and would not exfoliate in a short time.

2.6. Histological observation of foreign-body reaction to liposome-
functionalized electrospun fibers

Foreign-body reaction is an inevitable immune response when bio-
materials implanted into the body, which determines functional reten-
tion and tissue integration of biomaterials. To identify the FBR of
liposome-functionalized electrospun fibers, 4 groups of “Control”,
“Silk coating”, “Adsorption”, and “Click” were implanted subcutane-
ously in BALB/c mice for 2 weeks. All the samples were subjected to

hematoxylin and eosin (H&E) and Masson’s trichrome staining (Fig. 6a
and b). Compared with neat PS and silk coated scaffolds, the collagen
fibrotic capsule was significantly decreased and the degree of cell
infiltration was significantly increased in the both “adsorption” and
“click” liposome-decorated scaffolds. According to the statistical anal-
ysis of the histological images, the decoration of liposomes significantly
decreased the thickness of fibrotic capsules (Fig. 6¢). Perhaps the LbL SF
deposition on electrospun fibers reduced the connectivity of the pores to
a certain extent, and the cell infiltration appeared to be significantly
reduced in the “silk coating” group. However, after liposome surface
functionalization, many host cells migrated into the scaffold again. This
result indicates that liposomes can effectively promote host cell infil-
tration and accelerate the integration of tissue and scaffold (Fig. 6d).
Importantly, the addition of liposomes effectively improved the number
of new blood vessels inside the scaffold, which is a significant indicator
of tissue healing and regeneration, and showed the good effect of tissue-
material integration (Fig. 6e). In addition, the scaffolds decorated with
liposomes displayed a small number of FBGCs formed at the material-
tissue interface in comparison to the “control” group, but there was no
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(red) on electrospun fibers via physical adsorption (a) and click chemistry (b) at various time points. Scale bars: 10 yum. (c) Counting the number of liposome particles on fibers
per image. *p < 0.05. Data are presented as the mean + SD (n = 5). (d) Quantitative fluorescence intensity of liposomes on fibers at various time points. *p < 0.05. Data are
presented as the mean + SD (n = 5). (e) High-sensitivity in vivo imaging of fluorescence of Balb/c mice subcutaneously implanted with fluorophore-labelled liposomes surface
modified electrospun scaffolds at various time points. (f) Quantitative fluorescence intensity of fluorophore-labelled liposomes in vivo at various time points. *p < 0.05. Data are

presented as the mean + SD (n = 4).
significant difference compared with the “silk coating” group (Fig. 6f).

2.7. Liposome-functionalized electrospun fibers reduce inflammation
response and promote vascularization

To observe the short-term acute inflammation (7 days) and long-
term vascularization (14 days) induced by different scaffolds in living
animals in real-time, we used relevant fluorescent imaging probes tar-
geting inflammation and neovascularization for in vivo imaging
(Fig. 7a). The radiant efficiency of cathepsin B protease-activated probe
(ProSense 750) reflected the early inflammatory cells responses (Fig. 7b
and c). In the first 3 days of scaffold implantation, there was no signif-
icant difference in the inflammatory cell response caused by different
groups. However, we found that after 7 days of implantation, the probe
fluorescence intensity of the liposome-decorated scaffolds was signifi-
cantly reduced compared to the “control” and “silk coating” groups. The
radiant efficiency of integrin oyfs-activated probe (IntegriSense 645)
reflected neovascularization (Fig. 7d and e). The fluorescence intensity
of SF coated scaffolds was similar to that of PS scaffolds. However, the
fluorescence intensity of liposome-decorated scaffolds was significantly
higher in 3, 7, and 14 days, which indicated that liposomes were
beneficial to the formation of new blood vessels. Myofibroblasts, as in-
flammatory cells, have been shown to play an important role in tissue

fibrosis and the FBR, and have been used as a representative cell type to
analyze the degree of inflammation. After 14 days of implantation, we
performed immunofluorescence observation on tissue sections and
found that compared with the “control” and the “silk coating” groups,
the number of a-SMA-positive myofibroblasts was significantly reduced
on the liposome-decorated scaffolds (Fig. 7f). However, the number of
CD31-positive cells representing neovascular endothelial cells was
greatly increased on the liposome-decorated scaffolds, especially the
“click” group (Fig. 7g).

2.8. Liposome-functionalized electrospun fibers promote macrophage
polarization toward a pro-regenerative phenotype

In the process of tissue repair and material implantation, the differ-
entiation of myofibroblasts and the production of new blood vessels are
mainly regulated by immune cells, especially macrophages [44,45]. The
ratio of M1 pro-inflammatory and M2 pro-regenerative macrophages in
the material implantation in situ can reflect the different stages of wound
healing and the degree of FBR [8]. To determine whether liposomes
mitigate FBR by regulating macrophage phenotype, we used continuous
sections for immunofluorescence detection of M1 (CCR7) and M2
(CD206) surface markers of macrophages, following the subcutaneous
implantation for 14 days (Fig. 8a). We found that compared with the
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“control” and “silk coating” group, the proportion of CCR7-positve
macrophages decreased significantly in liposome-decorated scaffolds.
On the contrary, the proportion of CD206-positive macrophages
increased significantly. It is worth noting that the “click” group
expressed more CD206-positive macrophages inside the scaffold than
the "adsorption" group, which may be related to the high in vivo stability
of the covalent bond (Fig. 8b). This result demonstrates that
liposome-decorated scaffolds can effectively increase the ratio of
M2/M1 in vivo, especially the covalently bound liposomes potentially
promote macrophage polarization toward M2 type.

3. Discussion

Liposomes are recognized as an important drug delivery vehicle with
attractive properties, such as cell membrane biomimetic structure and
excellent biocompatibility. Liposomal encapsulation of drugs can reduce
drug toxicity and extend duration of therapeutic effect. The liposome
encapsulation of hydrophilic and hydrophobic small molecule thera-
peutic agents and other biomacromolecules has been established
[46-49]. So far, FDA-approved liposome-based therapies involve a wide
range of applications in anti-cancer, antibacterial and antiviral treat-
ments [34]. Utilizing the drug encapsulation and delivery capabilities of
liposomes, combined with the scaffold materials that provide physical
support and a cell-friendly microenvironment, can effectively improve
the local drug concentration and controlled-release ability, and enhance

the therapeutic effect of the scaffolds. It has great clinical application
potential in the fields of antibacterial dressings, implants, and regener-
ative medicine [32]. Electrospun micro/nano fibrous scaffolds have the
characteristics of similar extracellular matrix fibrous structure and high
specific surface area, and they are excellent candidates as scaffold ma-
terials that can be decorated by liposomes. For example, Monteiro et al.
covalently immobilized gentamicin-loaded liposomes on the surface of
electrospun nanofibers through the thiol-maleimide reaction, which
enhanced the sustained drug release performance and enhanced the
antibacterial performance as a skin wound dressing [50]. Chandrawati
et al. modified the surface of liposomes loaded with enzyme pro-
drug-p-glucuronidase on PVA electrospun fibers, which can achieve
long-term drug release performance and maintain enzyme bioactivity
[51]. Recently, Xi et al. covalently bound the liposome loaded with IL-4
plasmid DNA to the surface of electrospun nerve guide conduit through a
condensation reaction, so that it has the immunomodulatory ability to
regulate the macrophage polarization, and then promote the functional
recovery of nerve tissue [52]. These studies have achieved good results,
but the fusion, fluidity, stability, and inherent biological response of the
decorated liposomes still need to be further explored.

This study used liposomes with the same basic components as natural
cell membranes, and compared the physicochemical properties and
biological responses of liposomes modified electrospun fibers by phys-
ical adsorption and covalent modification (SPAAC click chemistry). Due
to the modifiable sites and excellent stability of SF molecules, the silk
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layer-by-layer assembly surface coating can be used as a “bridge” to
connect functional macromolecules [41]. Compared with the existing
electrospun fiber surface modification technologies, our method has
certain advantages and limitations. At present, the main surface modi-
fication methods of electrospun fibers are traditional LbL self-assembly,
plasma irradiation, and surface chemical treatment [53]. The traditional
LbL assembly technique enables the deposition of ultrathin and uniform
films by the sequential electrostatic deposition of oppositely charged
polymers. Electrostatic forces generally drive the deposition on charged
components, but in our study, the single-component LbL coating
established by hydrophobic interaction of silk can avoid the inherent
biological toxicity of positively charged polymers. Plasma irradiation
treatment uses highly oxidized charged ions generated by the ionization
of gases such as oxygen, nitrogen, and ammonia under the action of an
electric field, which can bind to the surface of electrospun fibers to form
functional groups. Because electrospun scaffolds are high-density
porous fibrous scaffolds, it is difficult for plasma to enter the inside of
scaffolds, thus affecting the modification effect. However, high energy
plasma irradiation will increase the local temperature, which will
change the morphology and mechanical properties of the electrospun
fibers. Similarly, chemical surface treatment, such as aminolysis and
alkali treatment, often involves change in pH value and temperature by
soaking in solution, which often leads to the change of fiber structure
and the decrease of mechanical properties. The silk coating in this study
also has multiple-steps and time-consuming operations. Because it uses
the principle of hydrophobic interaction, it can only be used on

hydrophobic polymer surfaces. In the future, we need to improve the
operation efficiency and application scope of the silk coating by modi-
fying the SF molecules, such as changing the side chain charge and
molecular conformation (p-sheet content increases hydrophobic
interaction).

The results of SEM, CLSM, and TEM showed that both physical
adsorption and covalent binding of liposomes can be effectively
attached to the surface of the fiber coated with SF. However, the lipo-
somes in the physical adsorption group showed dispersed particles on
the fiber surface, and the use of click chemistry covalent immobilization
could make the liposomes quickly form a uniform surface coating similar
to cell membrane, indicating that covalent binding is conducive to the
rapid fusion of liposomes to form lipid membrane. In the in vitro
degradation process, it was found that compared with physical adsorp-
tion, the liposomes of the click group showed obvious rapid fusion and
formed a uniform lipid film. In contrast, the liposomes of the physical
adsorption group still had a large number of particles. With the exten-
sion of the degradation time, it was found that the fluorescence intensity
reduction rate in the physical adsorption group was significantly faster
than that of the clicked liposomes, indicating that click covalent binding
can effectively improve the stability of the liposome coating. The real-
time observation of the stability in mice by the IVIS found that the
trend of fluorescence decline has a similar result. Pasquardini et al.
deposited liposomes on a flat substrate by electrostatic interaction and
covalent bonding, and found that compared with electrostatic adsorp-
tion, the stability of the covalently immobilized lipid membrane was



L. Yang et al.

In vivo
imaging

Control . . Adsorption
Silk coating’ . . Click

7 Fluorescent probes
w\\ Tail vein injection

Biomaterials 271 (2021) 120768

Control
~ Silk

Cc 44 Cathepsin B (inflammatory cells) e 3 - avp3 Integrin (angiogenesis)
=] * L
=) °
= -
I k3
g g2
5 5
.§ 2 - E
= Control ut.l w 4 4
= SF €1 - =
Em Adsorption % %
mm Click & 0 -.&Léfij rﬁ é i_- & 0
1 3 7
Time (days) Time (days)

a-SMA (Myofibroblast)

CD31 (Vascular endothelial cell)

Fig. 7. Liposome-functionalized electrospun fibers reduce inflammation response and promote vascularization. (a) The schematic diagram shows that different
scaffolds were implanted subcutaneously in mice, and the in vivo imaging was performed with fluorescent probes related to inflammation and vascularization. (b)
High-sensitivity in vivo imaging of fluorescence of the cathepsin B protease-activated probe (ProSense 750) of different scaffolds implanted subcutaneously in mice for
1, 3 and 7 days. (c) Quantitative radiant efficiency of ProSense 750 at various time points. *p < 0.05. Data are presented as the mean & SD (n = 4). (d) In vivo imaging
of fluorescence of the integrin o, fs-activated probe (IntegriSense 645) of different scaffolds implanted subcutaneously in mice for 3, 7 and 14 days. (e) Quantitative
radiant efficiency of IntegriSense 645 at various time points. *p < 0.05. Data are presented as the mean =+ SD (n = 4). (f) and (g) a-SMA and CD31 immunofluorescent
staining of histological sections of different scaffolds after 14 days subcutaneous implantation, respectively. The images show the number and distribution of

myofibroblasts and vascular endothelial cells on different scaffolds.

increased by about ten times [54]. Furthermore, we analyzed the
binding rate and strength of liposomes and silk substrates through mo-
lecular dynamics simulations, and theoretically clarified the difference
between physical adsorption and covalent binding. At the same time, the
contact frequency between the liposome with click group and silk
fibroin coating was much higher than that of physical adsorption, which
made the liposome combine with silk substrate more quickly. Most of
the liposomes were immobilized by chemical bonds, and then fused with
each other to form a lipid membrane. However, the liposomes without
chemical bond attraction were still in free state for a long time and
needed longer reaction time to adsorb on the fiber surface. In addition,
FRAP experiments proved that although the covalently bound liposomes
increased stability, they still formed a lipid bilayer with fluidity. As
dynamic biomaterials provide lateral fluidity and cell membrane-like
environments, which can effectively embed functional proteins such as
antibodies and cytokines to achieve selective targeting of cells [36,42].

Lipid membrane can be used to simulate the physicochemical and
biological properties of cell membrane, which can modify the surface of

implanted biomaterials and construct "camouflage" coating to improve
the biological tolerance. Researchers modified the surface of organic and
inorganic nanoparticles with lipid membranes to increase the circulation
time of drug-carrying particles in vivo. Functionalized liposome coatings
make these nanoparticles have invisible properties in the blood [29,30,
33]. At present, most researches mainly focus on the development and
application of lipid membrane-encapsulated particle drug delivery sys-
tem. In this study, because covalent-bonding facilitates the fusion of li-
posomes to form a solid-supported lipid bilayer, we verified the in vivo
host response of this "camouflage" surface coating technology to the bulk
electrospun fiber scaffold. In a mouse model of subcutaneous implan-
tation, histological observation showed that the surface of the
liposome-modified electrospun fibrous scaffold can effectively increase
host cell infiltration and reduce the formation of fibrous capsules.
Importantly, it can significantly improve the angiogenesis inside the
scaffold. We found that both physical adsorption and covalent bonding,
the cell-like membrane coating can effectively mitigate the FBR caused
by the implantation of the electrospun scaffold. Since the PC headgroup
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is a zwitterionic polymer, it has a net charge of zero and is heavily hy-
drated [35]. The lipid membrane surface coating can form a hydration
layer on the surface of the material, which can effectively reduce
non-specific protein adsorption, thereby reducing the initial aggregation
of inflammatory cells. Real-time observation of functional probes in vivo
imaging and immunofluorescence results showed that the expression of
proteases related to inflammatory cells decreased, the number of myo-
fibroblasts decreased, and the increase of angiogenesis indicated that
there were obvious characteristics of the wound healing process in the
liposome-modified scaffold [44].

2-methacryloyloxyethyl phosphorylcholine (MPC), as a zwitterionic
polymer that mimics natural cell membranes, can be effectively used for
surface modification of implant biomaterials to improve biocompati-
bility and hemocompatibility. In addition, its zwitterionic structure can
produce a hydrated isolation layer on the surface, which has lubricating
properties and anti-protein and cell adhesion capabilities in vivo [55,56].
Non-specific protein adsorption is an important factor to determine the
degree of FBR. Recently, it has been reported that covalently bonding
MPC to the surface of polydimethylsiloxane (PDMS) can significantly
reduce the thickness of fibrous capsule and inflammatory markers pro-
duced by long-term FBR [57]. At the same time, compared with natural
phospholipids, due to the inherent excellent stability of MPC, it can
effectively increase the residence time in vivo [58,59]. However, the
liposome surface modification in this study has the following advantages
compared to MPC: (i) Liposomes, as drug carriers, can combine the
encapsulation and delivery of small molecule drugs, genes, and func-
tional proteins to increase the functional diversity of implanted scaf-
folds; (ii) The lipid membrane formed by liposome surface coating has
fluidity and similar physical properties to natural cell membrane. It can
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be embedded functional proteins such as cell surface receptors or ligands
to increase the biological functions of the coating; (iii) The composition
of liposomes has a variety of selectivity, and the composition of lipo-
somes can be changed according to the needs. For example, the
anti-inflammatory components such as phosphatidylserine or sphingo-
sine 1-phosphate can be added instead of DMPC [60-63]; (iv) It has been
found in clinical practice that liposomes themselves have immunoreg-
ulatory functions such as reducing postoperative tissue adhesion and
promoting angiogenesis [37,39]. In addition, the SPAAC click chemistry
technology used in this study to covalently bond the liposomes with the
substrate material effectively improves the stability of the liposomes in
vivo and reduces the limitations of natural phospholipid coatings. In
summary, compared with MPC, liposome functional coating can not
only provide an inert surface to reduce protein adsorption and FBR, but
also has great potential in tissue regeneration, anti-tissue adhesion, and
drug delivery.

We further analyzed the macrophage polarization, an important
immune regulatory cell in wound healing, and observed the expression
of pro-inflammatory and pro-regenerative macrophages inside the
scaffold. Activated macrophages have been classified as different sub-
types, during the innate immune response and inflammation by the in-
vasion of foreign implants, inflammatory cytokines such as tumor
necrosis factor (TNF) and interferon gamma (IFN-y) activate macro-
phages as pro-inflammatory M1 phenotype, which are implicated in
phagocytosis and initiating inflammation. By contrast, activation by IL-4
or IL-13 polarizes macrophages as anti-inflammatory M2 macrophages,
which have pro-regenerative properties and are involved in tissue
homoeostasis [64,65]. Compared with the “control” group and “SF
coating” group, the proportion of M1 macrophages was significantly
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reduced after the scaffold was modified with liposomes. It is worth
noting that the liposomes in the “click” group have better stability in
vivo, promote the proportion of macrophages to M2 polarization, and
finally improve the material-tissue integration and angiogenesis. Clin-
ical trials have found that despite the pharmacological advantages of
improved drug delivery, liposome-mediated therapies have largely
failed to increase anticancer efficacy over conventional formulations
[66]. Sabnani et al. found that liposomes themselves have immuno-
suppressive and angiogenesis effects, similar to that used in patients,
directly counterbalancing their anti-cancer activity [38]. Therefore, li-
posomes may have a similar biological mechanism in wound healing,
mainly by regulating the macrophage polarization to reduce the innate
inflammatory response and improve the angiogenesis effect, thereby
promoting the integration of materials and surrounding tissues and
mitigating the foreign-body reaction caused by implantation.

In this study, our liposome surface-modified electrospun scaffold
with anti-FBR function may have application prospects in the following
fields: (i) Tissue repair patch: The soft tissue repair patch as a physical
support needs a good ability to promote tissue regeneration. The lipo-
some surface-modified electrospun scaffold can promote host cell infil-
tration and strengthen the integration of tissue/scaffold. Importantly, a
high degree of vascularization can increase the transport and exchange
of nutrients and metabolites at the repair site and enhance the tissue
repair and regeneration capabilities. (ii) Post-operative anti-adhesion
barrier: In the process of soft tissue repair after surgery, the accumula-
tion, proliferation, and differentiation of fibroblasts and myofibroblasts
lead to excessive deposition of collagen, and the resulting fibrotic tissue
will cause adhesion between the injured site and peripheral tissue. In
clinical practice, polymer membrane barriers are often used to block the
injury site and peripheral tissue. This liposome surface-modified elec-
trospun scaffold can reduce the expression of myofibroblasts and the
secretion of collagen by regulating the macrophage polarization, and
lower fibrosis can effectively prevent tissue adhesion; (iii) In situ drug
delivery system: In clinic, it is often necessary to keep high concentra-
tion of drugs in local area for a long time, such as repairing damaged
tissue or releasing anticancer drugs in tumor resection site. In this study,
liposome can be used as “microcarriers” of drugs for encapsulation and
release, while electrospun scaffold can be used as “macroaggregates” to
enhance in situ drug delivery.

4. Conclusion

In summary, we have developed a cell membrane-biomimetic
coating formed by click-mediated liposomes immobilization and
fusion on the surface of electrospun fibers. This kind of lipid film not
only maintained good uniformity and fluidity, but also improved the
stability in vitro and in vivo compared with physical adsorption. Molec-
ular dynamics simulations clearly explained that the rapid immobiliza-
tion and fusion of click-mediated lipid films is mainly due to the increase
in the bonding rate and strength of liposomes to the silk substrate.
Significantly, the liposome surface functionalization promoted host cell
infiltration and reduced the thickness of fibrotic capsules, improving
vascularization and the integration of the tissue and scaffold. The bio-
logical mechanism of these functions may be closely related to macro-
phages polarize toward a pro-regenerative phenotype. The present study
offers a new approach for micro-nanofibers surface modification, which
not only as anti-FBR coatings but also as cell membrane-biomimetic
substrate with interesting possible applications such as tissue repair
patch, post-operative anti-adhesion barrier, or in situ drug delivery
system.

5. Materials and methods
5.1. Electrospinning

PS nanofibrous scaffolds were fabricated by electrospinning. PS (Mw
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= 280,000, Sigma, USA) was dissolved in a N,N-Dimethylformamide
(DMF, 99.8%, Mw = 73.09) solution with a final concentration of
30% (w/v). To spin the PS solution, an 18 kV high voltage was applied to
the needle of the syringe and a piece of tinfoil was used as a grounded
collector.

5.2. Preparation of SF solution

To prepare the aqueous SF solution, pieces of silkworm cocoon was
boiled twice in the boiled aqueous solution of 0.02 M NayCOs for 1 h and
rinsed 3 times with ultrapure water. Subsequently, it was boiled in ul-
trapure water for 10 min, rinsed 5 times and dried in a fume hood for a
night. The degummed SF was dissolved in 10 M LiBr (Mw = 86.85,
Sigma) by stirring for 1 h and heating up to 65 °C for 2 h. To remove the
remaining impurities, the solution was filtered through a 0.45 pm sy-
ringe filter and dialyzed (MWCO = 3500 Da, Viskase, USA) against ul-
trapure water for 3 days. The final SF solution was stored at 4 °C with a
concentration of 5% (w/v).

5.3. Preparation of FITC-labelled SF

The FITC-labelled SF was prepared using EDC/NHS chemistry.
Firstly, 80 mg 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC, Mw = 191.70, Thermo, USA) and 220 mg N-hydrox-
ysuccinimide (NHS, Mw = 115.09, Thermo) were blended in 10 mL of a
2% (w/v) SF solution dialyzed against MES (Mw = 213.20, Solarbio)
buffer (pH = 5.6). The activation of the carboxyl groups of SF was
terminated after 15 min by p-mercaptoethanol (Sigma), followed by the
addition of ethylendiamine (Sigma) to stir for 2 h. The solution was then
dialyzed against MES buffer for 12 h and reacted with 10 mg
Fluorescein-5-isothiocyanate (FITC, Mw = 389.38, Sigma) for 2 h.
Finally, the solution was dialyzed against ultrapure water for 24 h and
filtered through a 0.45 pm syringe filter, yielding a FITC-labelled SF with
a concentration of approximate 1% (w/v).

5.4. Preparation of azdio-functionalized SF

The azido-functionalized SF was prepared by a diazonium coupling
reaction with tyrosine residues in SF as previously reported [67]. Briefly,
4-azidoaniline hydrochloride (0.360 mmol, Mw = 170.60, Sigma) was
dissolved in 1 mL of a 1:1 acetonitrile/water solution, which was then
mixed with 0.5 mL of a p-tolunenesulfonic acid (1.430 mmol, Mw =
190.22, Sigma) aqueous solution. Subsequently, the solution was
blended with 0.5 mL of a sodium nitrite (0.715 mmol, Mw = 69.00,
Sigma) aqueous solution and stirred at room temperature for 15 min. All
the solutions were prepared in an ice bath before mixture. The diazo-
nium coupling reaction was started by adding 10 mL of a 5% (w/v)
borate-buffered SF solution (pH = 9) into the diazonium salt solution.
The reaction was proceeded in the ice bath for 30 min, followed by the
dialysis against ultrapure water for 24 h.

5.5. SF LbL surface deposition

With the purpose of surface modification, the PS nanofibrous scaf-
folds were cut into 1 cm x 1 cm x 100 pm square shape and incubated
with 0.05% (w/v) polyethyleneimine (PEI, Mw = 25,000, Sigma) for 15
min. After being washed, the nanofibers were incubated with 0.1% (w/
v) SF solution at 4 °C for 15 min and washed 3 times with ultrapure
water. The SF-coated PS nanofibers were immersed in 90% methanol
(Mw = 32.04, BOYUAN) for 15 min to form silk crystalline p-sheets. The
nanofibers were dried under nitrogen gas and subjected to the next
coating procedure until the desired number of layers was deposited.

5.6. Preparation of liposomes and rhodamine B -labelled liposomes

To prepare liposomes, the lipid stock solutions were added into a
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reagent bottle and comprised of 20 mol% cholesterol (Mw = 386.65,
Avanti, USA), 2 mol% 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[dibenzocyclooctyl(polyethylene glycol)-2000] (DSPE-PEG
(2000)-DBCO, Mw = 3077.80, Avanti) and 78 mol% 1,2-dimyristoyl-sn-
glycero-3-phosphatidylcholine (DMPC, Mw = 677.93, Avanti). After
evaporation of chloroform under nitrogen gas, the lipid film was dis-
solved in 5 mL of PBS buffer (pH = 7.2-7.4, Solarbio) at 75 °C until all
lipids were mixed. The suspension was subjected to freeze-thaw cycles 3
times and extruded through the 0.2 pm PC membrane (Whatman) by a
mini extrusion (Avestin, Canada) to form lipid vesicles. The resultant
vesicle solution was stored at 4 °C until usage. RhB-labelled liposomes
were made by replacing 1 mol% DSPE with 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (RhB-DSPE,
Mw = 1301.715, Avanti).

5.7. Liposome surface-modified electrospun fiber via click chemistry

Liposomes were combined with the surface-modified PS nanofibrous
scaffolds via physical adsorption or strain-promoted azide-alkyne
cycloaddition (SPAAC) click chemistry. In brief, azido-SF coated elec-
trospun scaffolds were incubated with liposome or DBCO-functionalized
liposome suspension at room temperature for 72 h, respectively. After
incubation, the scaffolds were washed 3 times with PBS buffer and the
uncombined liposomes were washed away.

5.8. Characterizations of SF, azido-SF, and liposome

Chemical and structural analyses of freeze-dried samples prepared
from SF and SF-azido were measured by Fourier transform infrared
spectroscopy (FTIR) over a wavenumber range from 4000 to 400 em L.
The FTIR spectra of different samples were obtained by a Nicolet spec-
trometer system (System 2000, PerkinElmer) with a DTGS KBr detector.
Chemical analyses of SF and SF-azido solutions were performed on the
UV-Vis spectrometer (ThermoFisher, USA) over a wavenumber range
from 200 nm to 550 nm. The efficiency of the diazonium coupling re-
action and click chemistry were assessed by UV absorbance at 352 nm.
Dynamic light scattering (DLS) was performed on a Malvern Zetasizer
Nano ZS (Malvern, Germany) to characterize the size and zeta potential
of liposomes. Samples were prepared by diluting 1 mL liposome solution
with 19 mL PBS buffer and sonicating. Particle size and surface charge
were measured at 25 °C by using a standard operating procedure. To
evaluate the reaction efficiency of DBCO group and azido-SF surface-
modified electrospun microfiber, DBCO-PEG4-tetramethyl-rhodamine B
(Mw = 936.06, Sigma), as a substitute, was dissolved in ultrapure water
and reacted with fibers by shaking at room temperature. After being
washed, the fibers were observed using a CLSM and the fluorescence
intensity of the residual washing solution was measured by fluorescence
spectrophotometer (ThermoFisher, USA).

5.9. Characterization of liposome-functionalized electrospun scaffolds

The morphology of PS, SF coating, liposome-functionalized electro-
spun scaffolds was characterized using a scanning electron microscope
(SEM, Zeiss, Germany) after the samples were coated with gold. Fluo-
rescence images of liposome-adsorbed or -clicked electrospun scaffolds
were obtained using a confocal laser scanning microscope (CLSM, Leica,
Germany) and quantitative fluorescence intensity was analyzed by
ImageJ. To observe the high-resolution fiber cross section, a trans-
mission electron microscope (TEM, FEI, Netherlands) was employed.
Liposome-decorated fibers were embedded in paraffin and sectioned
into 10-nm-thick slices before placed on a copper grid. All TEM images
were performed at 100 kV. The hydrophilicity of scaffolds was deter-
mined by water contact angle (JC2000FM, Powereach, China) mea-
surements. To examine the fluidity of lipid film on scaffolds,
fluorescence recovery after photobleaching (FRAP) experiments were
carried out using a CLSM. The scaffolds were decorated with RhB-
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labelled liposomes via physical adsorption or click chemistry and im-
ages were taken before photobleaching at 1% of maximum laser power.
Photobleaching was performed at 50% of maximum laser power and the
area was selected by the zoom control of the instrument. Afterwards, the
fluorescence recovery was monitored by capturing images every 10 s at
1% of maximum laser power and the data were quantitated using
ImageJ densitometry analysis.

5.10. Invitro evaluation of the stability of liposome-functionalized fibers

The distribution and in vitro degradation of liposomes on electrospun
scaffolds were observed by CLSM using the fluorescent marker. RhB-
labelled liposomes (red) were immobilized on fibers through physical
adsorption or click chemistry. The prepared scaffolds were immersed in
PBS buffer at 37 °C for 7 days and the buffer was changed frequently.
The in vitro stability of liposomes was observed by CLSM and the changes
in fluorescence density were analyzed by ImageJ.

5.11. Molecular dynamics (MD) simulation

MD simulations have been proven to be a powerful tool in studying
the interface between materials and biological systems. In this work,
Martini coarse-grained (CG) force field (version 2.1) were used to cap-
ture the adsorption dynamics of lipid vesicle onto the silk fibroin
interface [68,69]. The peptide GAGAGS, whose atomic structure was
adapted from Patel’s work [70], was firstly converted into Martini
model and then evenly distributed in x/y plane to achieve two planar
silk fibroin interfaces (12 nm x 12 nm and 35 nm x 35 nm). Both the
planar lipid bilayer and lipid vesicle (DPPC: DSPE: cholesterol = 70: 10:
20) was placed on these two silk fibroin interfaces respectively. Addi-
tional strong attractive interaction potential was applied to the DSPE
head-group and peptide sidechains to mimic the “click chemistry” ef-
fects between DSPE and silk fibroin. The planar lipid bilayer consists of
504 DPPC, 72 DSPE and 144 cholesterols, while the lipid vesicle con-
tains 2577 DPPC, 368 DSPE and 736 cholesterols, which was built using
CHARMM-GUI [71]. For all simulations, GROMACS software (version
2016.5) and suggested parameters were used. Each simulation was run
for 1 ps with the time step of 20 fs.

5.12. Subcutaneous implantation

Male BALB/c mice, weighing 20-23 g, were raised in a mouse
feeding system regarding the Guiding Principles for the Care and Use of
Animals of Beihang University and was approved by the Biology and
Medical Ethics Committee of Beihang University (Approval number:
BM20180041). The scaffolds were cut and folded into 1 cm x 1 em x
0.2 mm (L x W x T) shapes after sterilization. All the mice were anes-
thetized with 0.5% pentobarbital sodium. Two small midline incisions
were made on the dorsum of each mouse, and the scaffolds were
introduced in lateral subcutaneous pockets created by blunt dissection.
Procaine penicillin (20 mg/kg) was given intramuscularly preopera-
tively and after the operation for prophylactic infection control. Both
animals remained in good general health throughout the study, as
assessed by their weight gain. After 14 days, the rats were sacrificed, and
the implanted scaffolds were removed en-bloc with the naturally sur-
rounding tissue. The samples were fixed and processed for histology, as
described below. Four replicates of each type of electrospun scaffolds
were implanted into four different rats to provide statistical significance
in the histological studies.

5.13. In vivo imaging

A small animal optical in vivo imaging system (IVIS, PerkinElmer,
USA) was used to monitor the changes of fluorescence intensity of
liposome-functionalized electrospun scaffolds after implantation, and
the mice were anesthetized with isoflurane (2% in oxygen) during the
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imaging process. For further studies on inflammatory reaction and
neovascularization induced by scaffolds implantation, two targeted
fluorescence imaging probes were administrated through tail vein in-
jections. ProSense 750 FAST (PerkinElmer, USA) was activated by pro-
teases such as Cathepsin B and was used to assess the extent of
inflammatory responses. IntegriSense 645 (PerkinElmer, USA),
comprising an integrin oy f3 antagonist, was used to assess the degree of
neovascularization. Exactly 4 nmol (100 pL) of ProSense 750 FAST and
2 nmol (100 pL) of IntegriSense 645 were administrated to a mouse and
imaging was performed according to the manufacturer’s instructions.

5.14. Histology and immunohistofluorescence staining

After the 14 days implantation, mice were euthanatized, and the
implantation sites were isolated and fixed in 4% polyformaldehyde for
the following histological analyses. After being dehydration in gradient
ethanol and embedment in paraffin, all the sliced sections were sub-
jected to hematoxylin and eosin (H&E) staining and Masson’s trichrome
staining to assess the cell morphology, tissue ingrowth, and collagenous
fibrotic capsules formation of the scaffolds in vivo. For the immunohis-
tofluorescence staining, all the sliced sections incubated with primary
antibody (a-SMA, CD31, CCR7, and CD206, 1:50-1:100) at 4 °C over-
night, followed by a 1 h treatment with Alexa Fluor 488/555-labled
secondary antibody. Finally, samples were rinsed with PBS and
stained with 0.5 mg/mL DAPI (Sigma, USA) at room temperature for 15
min. Fluorescent images from stained scaffolds were obtained using a
digital slide scanner (3DHISTECH, Hungary). Both primary antibodies
and secondary antibodies for immunofluorescence were purchased from
Abcam (USA). In each group, four regions were randomly selected for
statistical analysis using Image-Pro Plus software.

5.15. Statistical analysis

All data were reported as the mean =+ standard deviation (SD). Sta-
tistical analysis was performed using Student’s t-test and one-way
analysis of variance (ANOVA), followed by the Tukey test for post hoc
comparisons (OriginLab Origin 8.0 or GraphPad Prism 8 Software). P
values less than 0.05 were considered significant.
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CLSM confocal laser scanning microscopy

DBCO  n-dibenzocyclooctyne

DLS dynamic light scattering

DMF n, n-dimethylformamide

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
FBGCs  foreign-body giant cells

FBR foreign-body reaction

FDA food and drug administration

FITC fluorescein isothiocyanate

FRAP fluorescence recovery after photobleaching

FTIR Fourier transform infrared spectroscopy

H&E staining hematoxylin and eosin staining

IFN-y interferon-y
IL-4/13 interleukin-4/13
IVIS in vivo imaging system
LbL layer-by-layer
MPC 2-methacryloyloxyethyl phosphorylcholine
PC phosphocholine
PS polystyrene
SDS sodium dodecyl sulfate
SEM scanning electron microscopy
SF silk fibroin
SPAAC  strain-promoted azide-alkyne cycloaddition
TEM transmission electron microscopy
TLE thin layer evaporation
TNF tumor necrosis factor
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