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a b s t r a c t 

Long-term presence of M1 macrophages causes serious foreign body reaction (FBR), which is the main reason for 

the failure of biological scaffold integration. Inducing M2 polarization of macrophages near scaffolds to reduce for- 

eign body response has been widely researched. In this work, inspired by the special capability of tumor exosomes 

in macrophages M2 polarization, we integrate tumor-derived exosomes into biological scaffolds to minimize 

the FBR. In brief, breast cancer cell-derived exosomes are loaded into polycaprolactone-b-polyethylene glycol-b- 

polycaprolactone (PCL-PEG-PCL) fiber scaffold through physical adsorption and entrapment to constructed bioac- 

tive engineered scaffold. In cellular experiments, we demonstrate bioactive engineered scaffold based on PCL- 

PEG-PCL and exosomes can promote the transformation of macrophages from M1 to M2 through the PI3K/Akt 

signaling pathway. In addition, the exosomes release gradually from scaffolds and act on the macrophages around 

the scaffolds to reduce FBR in a subcutaneous implant mouse model. Compared with PCL-PEG-PCL scaffolds with- 

out exosomes, bioactive engineered scaffolds reduce significantly inflammation and fibrosis of tissues around the 

scaffolds. Therefore, cancer cell-derived exosomes show the potential for constructing engineered scaffolds in 

inhibiting the excessive inflammation and facilitating tissue formation. 
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. Introduction 

Recently, tissue engineering has been developed as a major tool of

epairing and remodeling damaged tissues and organs [1–4] . Tissue en-

ineering scaffolds with guide tissue regeneration and control the tissue

tructure in damaged parts have played a vital role in tissue engineering.

oreign body reaction (FBR) caused by tissue engineering scaffolds leads

o prolonged or frustrated repair or fibrosis that further results in the loss

f functions partly or completely, which is a major limitation of tissue

ngineering scaffolds [ 5 , 6 ]. The key role played by host macrophages

gainst biomaterials has been increasingly recognized. Macrophages are

ighly plastic and can differentiate along a phenotypic axis between two

oles of ‘M1’ (inflammatory) and ‘M2’ (anti-inflammatory) and active

n the process of fibrous tissue formation and wound healing [6–8] . In-

reasing evidences show that the balance of macrophage classical (M1)

nd altered (M2) activation governs the fate of tissue regeneration [ 6 , 9–

2 ]. Although the initial presence of M1 macrophages facilitates a neces-
∗ Corresponding author at: State Key Laboratory of Polymer Physics and Chemist

hangchun, Jilin 130022, China. 

E-mail address: shiqiang@ciac.ac.cn (Q. Shi) . 

o

ttps://doi.org/10.1016/j.bbiosy.2022.100055 

eceived 23 January 2022; Received in revised form 31 May 2022; Accepted 8 June 

666-5344/© 2022 The Authors. Published by Elsevier Ltd. This is an open access ar

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
ary inflammatory response, a prolonged M1 dwell causes a severe FBR,

esulting in chronic inflammation and failure of biomaterials integra-

ion. Therefore, minimizing unnecessary inflammation and promoting

acrophage M2 polarization around the biomaterial is the promising

trategies for successful implanted biomaterials and devices [ 13 , 14 ]. 

The regulation of exosomes in immune response has been widely

ocumented. Exosomes are 40–150 nm extracellular vesicles released

y all cell types. Similar to cells, exosomes contain proteins, RNA, and

NA with a lipid bilayer [15–17] . The immunological activities of ex-

somes in tumors are complex and dynamics. Cancer cell-derived ex-

somes act as a source of tumor antigens which are presented to the

ctivated T-cells and directly activate NK cells [18–20] . Specially, can-

er cell-derived exosomes are capable of promoting M2 polarization of

acrophage in tumor immunity [ 21 , 22 ]. Therefore, it is expected that

ancer cell-derived exosomes can be harnessed to construct bioactive

ngineered scaffolds to minimize the unnecessary immune reactions.

owever, the safety and availability of cancer cell-derived exosomes

n tissue engineering are scarcely investigated. 
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In the tissue engineering scaffold, micro/nano fiber scaffolds of

iodegradable polymers, such as polycaprolactone, provided initial me-

hanical support and a 3D niche allowed the tissue to regenerate

re becoming more and more popular among researchers [23] . How-

ver, the hydrophobicity of polycaprolactone leads to a large amount

f protein adsorption and inhibits loading of hydrophilic materials,

hich limits its application in biomedicine. We have previously de-

eloped a fiber scaffold with polycaprolactone-b-polyethylene glycol-

-polycaprolactone [24] . The introduction of polyethylene glycol block

n the polymer backbone can speed up the loading of hydrophilic ma-

erials and prevent the adsorption of proteins and platelets [25] . There-

ore, generation of bioactive engineered scaffolds based on PCL-PEG-

CL scaffolds with the facile way is highly desired. 

In this work, inspired by the special capability of tumor exosomes in

acrophages M2 polarization, we design the bioactive engineered scaf-

olds by loading 4T1 cell-derived exosomes on PCL-PEG-PCL scaffold to

inimize unnecessary inflammation and fibrosis caused by FBR. Mouse

reast cancer cells are chosen as donor of exosomes, and the biological

afety of exosomes is evaluated firstly in vivo , because some tumor exo-

omes are reported to induce cell cancerous, promote cancer cell growth

nd metastasis [26–28] . We demonstrate tumor exosomes exhibit no

arcinogenicity for normal mouse within 6 months. Then, PCL-PEG-PCL

caffolds are prepared by electrospinning technique. Due to high water

dsorption and 3D structure of the scaffolds, exosomes are easily loaded

nto the scaffolds to construct bioactive engineered scaffold. Finally, the

caffolds are implanted in the mouse to investigate the immune manip-

lation of biomaterials. The exosomes are gradually released and act

n the macrophages near the scaffolds to induce macrophages M2 phe-

otype. Therefore, cancer cell-derived exosomes show the potential for

issue engineered scaffolds construction of implanted biomaterials in in-

ibiting the excessive inflammation and facilitating tissue formation. 

. Materials and methods 

.1. Materials 

Stannous octoate, 𝜀 -caprolactone and PEG-10 4 were purchased in

nergy Chemical, antibody of CD68(Alexa Fluor @647, eBioY1/82A),

D86(PE, IT2.2), CD206(FITC, C068C2) were purchased from ther-

oFisher Scientific. All cells were purchased from Beyotime Biotechnol-

gy of Shanghai. Dimethylformamide (DMF), trimethylamine, ethylene-

iamine, acrylamide, dichloromethane (DCM), tetrahydrofuran (THF),

cetone, and xylene were reagent-grade products. Other reagents were

R-grade and used without further purification. Phosphate-buffered

aline (PBS 0.9% NaCl, 0.01 M phosphate buffer, PH 7.4) was prepared

reshly. 

.2. Extraction of breast cancer cell-derived exosomes 

The growth and metastasis characteristics of 4T1 cells in mice are

ery similar to human breast cancer [29] . So breast cancer cell is chosen

s exosomal donor. 4T1 cells are seeded into petri dish. After incubation

ith 5% CO 2 at 37°C until cell confluency reach 80%-90%, the cultural

edium is renewed by RPMI 1640 supplemented 10% FBS and 100 𝜇M

oCl 2 [30] . The culturing is followed for another 48 h, and conditioned

ulture medium is collected. The 4T1-derived exosomes (Exos, the latter

xosomes mean the same thing) are isolated by density-gradient cen-

rifugation as described previously [31] . Specifically, conditioned cul-

ure medium is by centrifugation at 300rpm for 15min to isolate free

ells. And the supernatant is by centrifugation at 10000rpm for 30min

o isolate free cellular debris. The exosomes are isolated by Exosome

urification Kit (CELL guidance systems) from the last supernatant. The

solated exosomes are preserved in liquid nitrogen. Set the concentra-

ion to 10 𝜇g/ml with each use. The size of exosomes is evaluated by

ynamic light scattering and transmission electron microscopy. 
2 
.3. Safety of breast cancer cell-derived exosomes 

All animal procedures are performed in accordance with the Guide-

ines for Care and Use of Laboratory Animals of Changchun Institute of

pplied Chemistry (Chinese Academy of Sciences) and approved by the

nimal Ethics Committee of Changchun Institute of Applied Chemistry

Chinese Academy of Sciences). For each experimental group, 6 female

M mice with 6 weeks of age (about 30g) are used and all mice were

andomly selected. The cells and living bodies in this study were derived

rom mice. 

In order to verify the safety of Exos, whose tumorigenicity and pro-

ote cancerous have been researched. In particular, mice are injected

ith Exos(100 𝜇L) by tail intravenous injection and are raised for 6

onths after that. Accurate diagnosis of cancer slices is the fundamen-

al process for improving treatment response and prognosis. H&E has

een widely used for staining pathological slices in most countries [32] .

hrough tissue analysis of these mice, tumorigenicity can be assessed. 

On the other hand, the mouse metastasis model is designed to

emonstrate the tumor-promoting properties of Exos [33] . In brief, 4T1

ells (1 × 10ˆ 6 per mouse) are injected into tail vein of KM mouse to gen-

rate the lung metastatic 4T1 mammary adenocarcinoma model. Above

his, the experimental group is injected with Exos and the mice with 4T1

ells but no Exos are control. All mice are euthanized and sacrificed after

eeding for 2 weeks. Histological analysis observed metastatic tumors in

he lungs of mice, and the number of tumors is used to assess the severity

f the cancer. In addition, the lung metastatic U14 cervical adenocarci-

oma model is established to assess the tumor-promoting effect of Exos.

.4. Exosomes induce macrophage into M2 polarization 

The RAW264.7 cells are stimulated with LPS (100ng/mL) for 6 h.

hen, the LPS-stimulated macrophages are incubated with exosomes for

4 h [34] . The supernatant in each group is collected and measured the

oncentrations of TNF- 𝛼 and IL-10 in samples by mouse TNF- 𝛼 and IL-

0 Enzyme-Linked Immuno Sorbent Assay KIT. And immunofluorescent

taining of CD206, CD86 and DAPI is performed on macrophages to

ark the M2 macrophages, M1 macrophages and cell nucleus [ 35 , 36 ].

2 polarization of macrophages is detected by laser confocal method.

he polarization of the cells is also characterized by flow cytometry. 

.5. Anti-inflammation assessment in vivo 

Acute peritonitis model is designed according to the report by Wu

t al. [37] . In brief, mice are firstly intraperitoneally injected with sterile

ymosan solution (0.5 mL, 2 mg/mL). After 12 h, Exos are injected into

he mice enterocoelia, and PBS-injected mice are used as the control

roup. All mice are euthanized and sacrificed after feeding for 24h. 2

l PBS is used to lavage belly, the cell in lavage liquid is centrifuge

ith 1500rpm for 5min. The immune cells are marked by CD68 and

bserved by laser scanning confocal microscope. The concentrations of

L-6, TNF- 𝛼 and IL-10 in supernate are measured using mouse Enzyme-

inked Immuno Sorbent Assay KIT. 

.6. Preparation and characterization of bioactive engineered scaffolds 

PCL-PEG-PCL scaffolds are prepared by electrostatic spinning in a

revious job [24] . Dried PEG-10 4 (2 g) is dissolved in 25 ml of dried

ethylbenzene in an ampoule. Then, dried 𝜀 -caprolactone (18 g) and 60

g of stannous octoate are added (–OH: catalyst = 3: 1). The solution is

egassed with freeze–pump–thaw cycles and the reaction is performed

t 115°C for 48 h. After the reaction is completed, the PCL-PEG-PCL

riblock copolymer is obtained after precipitation with ether. And PCL-

EG-PCL scaffolds are prepared with PCL-PEG-PCL solution (20 wt% in

MF) by electrospinning technique. The microstructure and mechanical

roperties of the scaffold are characterized by universal testing machine
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mechanical tester Instron 1211 instrument) and scanning electron mi-

roscope (SEM, Sirion-100, FEI, USA). 

The conditioned culture medium of 4T1 cells is incubated with

M-Dil (Cell Plasma Membrane Staining (1,1 ′ -dioctadecyl-3,3,3 ′ ,3 ′ -

etramethylindocarbocyanine perchlorate, a red dye), 4 𝜇g/mL in RPMI

640) at 37°C for 30 min. The Dil labeled exosomes are isolated from

ell culture supernatant by Exosome Purification Kit as previously de-

cribed and used to fabricate PCL-PEG-PCL/Dil-labeled Exos. In brief,

00 𝜇L Dil-labeled Exos solution is assimilated in 1 × 1 cm 

2 PCL-PEG-

CL film because of the high water absorption of the film. The fiber

s then lyophilized within 1 h to obtain bioactive engineered scaffold

PCL-PEG-PCL@Exos). Then, bioactive engineered scaffold is immersed

n 1ml PBS for 24 h, then the leaching solution is collected, and the

atch is refreshed with 1ml PBS each day. Leaching solution for each of

he 6 days is collected, the release of exosomes is determined through

xciting at 549nm with a microplate reader and observe the fluores-

ence intensity at 565nm. The exosome release curve of the load on the

CL-PEG-PCL casting scaffold was measured by the same method. 

.7. Hemolysis and BCI assay 

The fresh blood is collected in an EDTA-containing anticoagulation

ube. Then the red blood cells are isolated from the blood by centrifu-

ation at 1000 rpm for 10 min and subsequently rinsed by PBS three

imes. Bioactive engineered scaffold containing Exos of varying mass

0 𝜇g,0.5 𝜇g,1 𝜇g,1.5 𝜇g,2 𝜇g) are incubated with red blood cells for 2 h at

7°C. The red blood cells (RBCs) in PBS and water are set as negative and

ositive control, respectively. The RBCs are removed by centrifugation

3000 rpm, 5 min), and the supernatant is transferred to 96-well plates

nd its absorbance at 541 nm is measured using a microplate reader. The

emolysis ratio (HR) was calculated according to the following formula:

emolysisrate ( % ) = 

𝑂 𝐷𝑠𝑎𝑚𝑝𝑙 𝑒 − 𝑂𝐷 𝑛𝑒𝑔 

𝑂𝐷𝑝𝑜𝑠 − 𝑂𝐷𝑛𝑒𝑔 
× 100% (1)

Whole blood(200 𝜇L) is dropped on different scaffolds, and then 20

L of 0.2 M CaCl 2 solution is added to the blood. The control group

as produced by dropping blood on glass. Each sample is incubated

or 5 min at 37°C. Next, distilled water (25 ml) is carefully added to

he beaker and incubated at 37°C with shaking at 30 rpm for 10 min.

inally, the blood-clotting index (BCI) of nanofibers was calculated from

he following equation: 

CI = 

𝑂 𝐷 𝑠𝑎𝑚𝑝𝑙𝑒 

𝑂 𝐷𝑏𝑙 𝑎𝑛𝑘 
× 100% (2)

here OD sample is the absorbance of the test samples, and OD blank is the

bsorbance of the contrast group. 

.8. Bioactive engineered scaffolds induce macrophage into M2 

olarization 

The RAW264.7 cells are stimulated with LPS (100ng/mL) for 6 h.

hen, the LPS-stimulated macrophages are incubated with PCL-PEG-

CL@Exos scaffolds for 24 h. The supernatant in each group is collected

nd centrifuged and measured the concentrations of IL-6 and IL-10 in

amples by mouse IL-6 and IL-10 Enzyme-Linked Immuno Sorbent Assay

IT. And immunofluorescent staining of CD206 and DAPI is performed

n macrophages. M2 polarization of macrophages is detected by laser

onfocal method. 

.9. Bioactive engineered scaffolds inhibit inflammation in vivo 

The air-pouch model of inflammation is used according to the

ethod of Vasconcelos et al. [38] . Briefly, KM mice (about 25g) are

njected subcutaneously in the dorsal area with 5 mL of sterile air that

aused the formation of an air pouch. A reinforcement of the air pouch

s performed 5 days latter through a second subcutaneous injection of
3 
 mL of sterile air. Scaffolds are implanted 24 h after the second subcu-

aneous injection then LPS (100ng/ml, 100 𝜇L) is injected into the air-

ouch. Mice are anaesthetized as described above and the skin covering

he air pouch area is shaved and cleaned. A surgical incision is made,

he PCL-PEG-PCL@Exos and PCL-PEG-PCL@PBS (PCL-PEG-PCL scaffold

ith PBS) scaffolds are placed inside the air pouch and the incision is

utured. The mice with air-pouch but no scaffold and LPS are control.

or each experimental group, 6 male KM mice with 6 weeks of age are

sed. All mice are euthanized and sacrificed after feeding for 3 days. 2

l PBS is used to lavage the air-pouch, lavage liquid is processed and

nalyzed the same as before. 

.10. Bioactive engineered scaffolds inhibit foreign body reaction in vivo 

The effect of bioactive engineered scaffold to foreign body response

s verified by implantation of scaffold into mouse skin. In brief, the scaf-

olds are implanted into the mice skin, the sham operation group is set

s control. All mice are euthanized after 30 days at room temperature,

he tissues around the scaffolds are removed and analyzed. These tis-

ues are treated with H&E staining and Masson staining respectively.

esides, these tissues are treated with trypsin to produce scattered cells.

he digested cells are further labeled with CD206 and CD86 antibodies,

nd all cells are labeled with DAPI. The cells are observed by confocal

aser, and the fluorescence intensity and positive cells number in each

eld are calculated by image J software. 

.11. Exosomes promote macrophage M2 polarization via Akt/ PI3K 

The mechanism of the exosomes (4T1 cells exosomes) promoting the

olarization of macrophages is researched [39] . In brief, the RAW264.7

ells are stimulated with LPS (100ng/mL) for 6 h. Then, the LPS-

timulated macrophages are incubated with exosomes for 24 h. The

ole of exosomes in macrophage polarization is investigated in the pres-

nce and absence of 100μg/ml LY294002 (Abcam), Akt/ PI3K signaling

athways inhibitor. The supernatant in each group is collected and cen-

rifuged. The concentrations of TNF- 𝛼, IL-6 and IL-10 in samples are

easured using a mouse TNF- 𝛼 and IL-10 Enzyme-Linked Immuno Sor-

ent Assay KIT. And immunofluorescent staining of CD206 and DAPI is

erformed on macrophages. M2 polarization of macrophages is detected

y laser confocal method. 

.12. Statistical analysis 

The BCI, hemolysis ratio, and IL-10, TNF- 𝛼 level and other data are

iven as means ± SD. Statistical analysis is performed using Origin Soft-

are and Image J, with post hoc analysis by Bonferroni’s multiple com-

arison tests when appropriate. A non-parametric test (Mann–Whitney

est) was used to determine differences between the treatment groups,

s indicated in the figure legends. Differences are considered statistically

ignificant at P ≤ 0.05. 

. Results 

.1. Extraction and separation of breast cancer cell-derived exosomes 

Here, 4T1 cells are chosen as donor of exosomes. Prior to the study on

xosome-guided cell conversion, cobalt chloride is added to induce 4T1

ells to produce the required exosomes. The exosomes are obtained with

xosome Purification Kit ( Fig. 1 A). After isolation of exosomes from the

upernatant of hypoxia induced 4T1 cells, the purified exosomes are

haracterized in morphology, size, and surface marker expression. The

ynamic light scattering (DLS, Fig. 1 B) and transmission electron mi-

roscopy (TEM, Fig. 1 C) observation reveal that the 4T1- derived exo-

omes seem like round vesicles with a mean diameter of about 50nm

 Fig. 1 C). Further, western blot analyses are performed to examine the

resence of confirmed exosomal proteins, including CD63 and TSP70
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Fig. 1. Isolation and characterization of exosomes. (A) Isolation flowchart of 4T1 cell exosomes. (B) Dynamic light scattering of exosomes. (C) The TEM image 

of exosomes. (D) Western blot analysis of CD63 and TSP70 in 4T1 cells-derived exosomes and 4T1 cells. Hemolysis (E), BCI (F) and cytotoxicity (G) of exosome 

solution with different volumes. (H) the concentration of TNF- 𝛼 and IL-10 in cell supernatant of different groups. (I) and (J)Confocal laser images of macrophages 

after different treatments. TCP is normal macrophage without special treatment. PBS is the LPS-stimulated macrophages that were incubated with PBS for 24 h. Exo 

is the LPS-stimulated macrophages that were incubated with exosomes for 24 h, green fluorescence represents CD206, green fluorescence represents CD86. The data 

are shown as the means ± S.D. from three independent experiments (with three replicates each); ∗ ∗ ∗ p < 0.001 indicates significant differences between the indicated 

columns. 

(  

f  

o

3

p

 

i  

c  

F  

s  

n  

s  

v  

n  

p  

H  

c  

o  

w  

n  

m  

e

 

t  

f  

m  

f  

n  

g  

c  
 Fig. 1 D). These results support that 4T1-derived exosomes are success-

ully prepared with typical morphological and molecular features of ex-

somes. 

.2. Breast cancer cell-derived exosomes promote macrophages into M2 

olarization 

First, the biocompatibility of exosomes at the cellular level was stud-

ed. A hemolysis rate of less than 5% and a low coagulation index indi-

ate that 4T1 exosomes do not cause hemolysis and coagulation ( Fig. 1 E,

). And cytotoxicity data further shows that exosomes do not affect cell

urvival ( Fig. 1 G). Then, exosomes are injected into cancer mice and

ormal mice to study the safety of exosomes in vivo . Mouse metasta-

is tumor model is established to evaluate the safety of 4T1 exosomes in

ivo . The safety of exosomes is evaluated with the number of pulmonary

odules. The more lung nodules, the greater the ability of exosomes to
4 
romote tumor cell metastasis. Fig. S1A and B represent the images and

&E staining images of the mice lung in different groups. The quantifi-

ation of the nodules number confirms that the exosomes have no effect

n the development of 4T1 tumors and U14 tumors (Fig. S1C). Mean-

hile, the H&E staining of other organs of each group (Fig. S2) show

o lesions. The results of H&E staining images of organs from normal

ouse and mouse injected with exosomes for 6 months demonstrate that

xosomes do not cause carcinogenicity (Fig. S1D, E). 

One of the reason for the immune evasion of tumor cells is to make

he macrophages around the tumor undergo M2 polarization. So the ef-

ect of exosomes on macrophages is further researched. LPS-stimulated

acrophages are treated with exosomes, the cytokine TNF- 𝛼 (Marker

actor secreted by M1 macrophages) concentration in the cell super-

atant of the exosomes group is significantly lower than that of the PBS

roup and the IL-10 (Marker factor secreted by M2 macrophages) con-

entration in the cell supernatant is opposite ( Fig. 1 H). The confocal
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Fig. 2. The characterization of bioactive engineered scaffold. (A) 1 H NMR spectrum of PCL-PEG-PCL in CDCl 3 and (B) FTIR spectra of PCL and PCL-PEG-PCL. The 

SEM image of PCL-PEG-PCL scaffold(C) and PCL-PEG-PCL@Exos scaffold(D). (D) Confocal laser image of the scaffolds loaded with exosomes, (a) Bright field (b) 

549nm. (F) Cumulative release curve of exosomes on the casting scaffolds and fiber scaffold. 

l  

p  

(  

c  

c  

p  

i  

t  

i

3

p

 

m  

P  

t  

T  

S  

s  

s  

s  

C  

n  

a  

a  

fi  

w  

s  

t  

t  

t

 

p  

m  

(  

a  

b  

A  

i  

P  

w  

t  

w  

i  

i  

s  

d

3

 

t  

f  

i  

a  

w  

d  

s  

F  

s  

a  

s  

 

s  

c  

s  

a

c  

a  

a  

P  

P  

a  

y  

a  
aser images indicate that the CD206 + cells in Exo group increase com-

ared with that in PBS group, and the CD86 + cell decrease obviously

 Fig. 1 I and J). From the flow cytometry (Fig. S3), M1 macrophages

ount decreased from 10% to 1.46%, and M2 macrophages count in-

reased from 1.83% to 9.74% after treated by exosomes. The result

roves that exosomes can promote the macrophages (RAW 264.7) in

nflammatory conditions to M2 polarization. At the same time, peri-

onitis experiment in mice further confirms that exosomes can inhibit

nflammation in vivo (Fig. S4). 

.3. Bioactive engineered scaffolds induce macrophage into M2 

olarization 

Through ring-opening polymerization, a PCL-PEG-PCL triblock poly-

er is successfully synthesized in this study ( Fig. 2 A, B). The PCL-PEG-

CL scaffold is prepared by electrostatic spinning, and the SEM image of

he scaffold show the diameter of the fibers are about 100nm ( Fig. 2 C).

he elongation is about 58%, and the yield strength is about 4MPa (Fig.

5).Then, exosomes are loaded onto the PCL-PEG-PCL scaffold to con-

truct bioactive engineered scaffold by drop exosome solution onto the

caffold. Due to the loading method, the adsorption efficiency of exo-

ome was expected to be nearly 100%. The exosomes are marked with

M-Dil, and the PCL-PEG-PCL@Exos scaffold is observed by laser scan-

ing confocal microscope. The particles on the fiber ( Fig. 2 D) confirm

nd the red fluorescence on the fiber surface ( Fig. 2 E) that the exosomes

re successfully loaded onto the scaffold with slight swelling of scaffold

bers. The release of exosomes on fiber scaffold and casting scaffold

as compared, the release of exosomes can last for three days in fiber

caffold but only one day in casting scaffold ( Fig. 2 F). That is because

he larger the specific surface area, the slower the release. Indicating

hat the exosomes have enough time to induce the macrophages near

he fiber scaffolds to M2 polarization. 

In order to verify the ability of PCL-PEG-PCL@Exos scaffolds in M2

olarization, different scaffolds are used to incubate the LPS-stimulated

acrophages. The fluorescence images ( Fig. 3 A) and quantitative data

 Fig. 3 B) of M2 macrophages exhibit most M2 polarized macrophages

ppear after treated by PCL-PEG-PCL@Exos. On the contrary, the num-

er of M1 macrophages decreased significantly ( Fig. 3 Aa’–f’ and C).
5 
nd the more exosome load, the better polarization effect. The anti-

nflammatory factors (IL-10) in the PCL-PEG-PCL@2Exos and PCL-PEG-

CL@1.5Exos group are higher than those in the LPS group ( Fig. 4 D),

hile the pro-inflammatory factors (IL-6) are significantly lower than

hose in the LPS group ( Fig. 4 E). Combine all the results, the scaffolds

ith 2 𝜇g exosomes (PCL-PEG-PCL@2Exos) have the best capability to

nduce macrophage into M2 polarization. Besides, the blood compatibil-

ty of scaffolds is also evaluated, the hemolysis rate, BCI, PT and APTT of

caffolds are measured. The results show all the scaffolds with exosomes

o not cause hemolysis and coagulation (Fig. S6A–C). 

.4. Bioactive engineered scaffolds inhibit foreign body reaction in vivo 

To evaluate the foreign body response during long-term implanta-

ion, different scaffolds are implanted under the skin of Kunming mouse

or one month. The operation procedure is shown in Fig. 4 A. Before the

mplantation, the degradation of PCL-PEG-PCL scaffolds in PBS (37°C)

nd corresponding change of PH in solution are tested in vitro . The

eight of the scaffolds is monitored at regular intervals to detect the

egradation under physiological conditions. The SEM images of the fiber

caffolds before immersion and after 30-day immersion are shown in

ig. 4 B and 4 C, respectively. The fiber structure of the scaffold deforms

ignificantly after 30-day immersion. And the weight of scaffold is only

bout 85% of original samples ( Fig. 4 D). Correspondingly, the PH of the

oak solution changes from 7.5 to 7.25 after 30-day immersion ( Fig. 4 E).

Then, different scaffolds are implanted under the skin of mouse. The

caffolds and the tissue around are taken out after 30 days. Firstly,

ells on the scaffold are labeled with CD206 antibody and DAPI, re-

pectively. The confocal image of the PCL-PEG-PCL@2Exos (Fig. S7A)

nd PCL-PEG-PCL@PBS (Fig. S7B) show the distribution of CD206 + 

ells on the surface of scaffolds. These images are processed using im-

ge J, and the intensity of green fluorescence (FITC, fluorescent dye of

nti-CD206) (Fig. S7C) in different groups are compared. The PCL-PEG-

CL@2Exos scaffold has more CD206 + cells than that with the PCL-

EG-PCL@PBS (PCL-PEG-PCL scaffold with PBS). After that, the tissue

round the scaffold is cut up and the cells digested with trypsin for anal-

sis. M2 macrophages are labeled with anti-CD206, M1 macrophages

re labeled with anti-CD86, and then all cells are labeled with DAPI. As
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Fig. 3. Bioactive engineered scaffold induce macrophage into M2 polarization. (A) Confocal laser images of macrophages after different treatments, a and b are the 

negative control and positive control, respectively. c-g stands for the LPS-stimulated macrophages that are incubated with different scaffolds (0, 0.5, 1, 1.5, 2) for 

24 h. Blue fluorescence represents DAPI, green fluorescence represents CD206, red fluorescence represents CD86. 0-2 are PCL-PEG-PCL scaffolds loaded with varied 

content of exosomes, respectively (PCL-PEG-PCL@ x Exos). And the number x denotes the amount of exosomes ( 𝜇g) loaded on the PCL-PEG-PCL scaffolds. (B) and 

(C) CD206 and CD86 fluorescence intensity in confocal laser images of different groups. The concentration of IL-10 (D) and IL-6 (E) of different groups. The data 

are shown as the means ± S.D. from three independent experiments (with three replicates each); ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001 indicates significant differences 

between the indicated columns. 
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hown in Fig. 4 F and I, the tissue around the PCL-PEG-PCL@2Exos scaf-

old has more M2 macrophages, while the scaffold with PBS possesses

ore M1 macrophage. The quantification of the fluorescence intensity

f CD206 ( Fig. 4 G) and CD86 ( Fig. 4 J) further supports this result. The

roportion of CD206 + cells and CD 86 + cells in total cells are further

ompared, and the CD206 + cells account for about 15% of the total

ells in exosomes-loaded scaffold group, which is far more than that

f the PCL-PEG-PCL@PBS group ( Fig. 4 H). On the contrary, the CD86 +
ells account for about 30% of the total cells in PCL-PEG-PCL@PBS scaf-

old group, which is much higher than that of the PCL-PEG-PCL@2Exos

roup ( Fig. 4 K). 

Further, tissue analysis is carried out to evaluate the anti-

nflammatory capability of exosomes. The tissues are stained with H&E

nd Masson, respectively. The H&E staining images ( Fig. 4 L a–c) show

he tissues around PCL-PEG-PCL@PBS have more number of inflam-

atory cell aggregation compared with that of PCL-PEG-PCL@2Exos.

he neutrophils in the tissues are counted ( Fig. 4 M), and the number of

eutrophils in the PCL-PEG-PCL@2Exos group is similar to that of nor-

al tissues, further confirming the high capability of the bioactive en-

ineered scaffolds to in suppressing excessive inflammation. The mult-

nucleated giant cells appear in PCL-PEG-PCL@PBS group ( Fig. 4 L-c)

ut not in PCL-PEG-PCL@2Exos ( Fig. 4 L-b) group demonstrate that the

ioactive engineered scaffolds can reduce foreign body reaction. Fur-

hermore, masson staining is used to analyze the collagen fiber of the

issue near the scaffold ( Fig. 4 L d–f). As shown in Fig. 4 L, the colla-

en fiber of the tissue near the PCL-PEG-PCL@PBS scaffold is dense.

n the contrary, the density of collagen in the tissues around PCL-PEG-

CL@2Exo is similar to that in the normal subcutaneous tissue, with the

ormal migration and growth of cells. The quantitative data of collagen

ensity ( Fig. 4 N) further demonstrate that, compared with the PCL-PEG-
6 
CL@PBS, the bioactive engineered scaffolds have higher ability to re-

uce foreign body reaction. 

.5. Exosomes promote macrophage M2 polarization via Akt/ PI3K 

To reveal the role of exosomes in macrophage polarization, the

athway of exosomes in promoting macrophage M2 polarization is in-

estigated tentatively. The typical inhibitor for Akt/ PI3K pathway,

Y294002 is added to the media of macrophage and exosmoes. As

hown in Fig. 5 A, the exosomes promote the macrophages into M2 po-

arization. And when the phosphatidylinositol 3-kinase (PI3K) are in-

ibited with LY294002, the fluorescence intensity ( Fig. 5 B) and pro-

ortion ( Fig. 5 C) of M2 macrophages are reduced substantially. com-

ared with that of exosomes group, IL-10 level decreases obviously af-

er PI3K inhibition ( Fig. 5 D). In the contrary, the concentration of IL-

,TNF- 𝛼(proinflammatory factor) are remarkabley enhanced. Thus, the

I3K/Akt signal pathway may be one of the way that the exosomes in-

uce macrophages into M2 polarization ( Fig. 5 E). 

. Discussion 

Tissue engineering scaffolds with guide tissue regeneration and con-

rol the tissue structure in damaged parts have played a vital role in

issue engineering. Biomaterials are the basis of scaffold forming and

esigning. Foreign body reaction caused by immune system is the main

actor limiting the use of scaffolds [40–43] . Although many methods

ave been developed to minimize the immune interactions with scaf-

olds including the use of inert materials and bionic design, such as

CL inert scaffolds and biomimetic scaffolds including progenitor cells,

rowth factors, and extracellular matrix (ECM) structural component,
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Fig. 4. Bioactive engineered scaffolds inhibit foreign body reaction in vivo . (A) Flow chart of implantation experiment. (B), (C) SEM images of PCL-PEG-PCL scaffolds 

and PCL-PEG-PCL scaffolds soaked in PBS for 30 days, respectively. (D) The weight change of PCL-PEG-PCL scaffolds soaked in PBS. (E) The PH change of the solution 

soaked PCL-PEG-PCL scaffolds. (F), (I) The confocal laser image of the tissue around the scaffold (green:CD206; red:CD86; blue: Cell nuclear), respectively. (G) and 

(J) are the quantification of the fluorescence intensity of CD206 and CD86, respectively. (H) and (K) are the percentage of CD206 + cells and CD86 + cells in total cells. 

(L)The H&E staining (a,a’,b,b’,c,c’) and the Masson staining (d,d’,e,e’,f,f) of the tissue around the scaffold. The ∗ is where the scaffold is placed. (M) Neutrophil count 

of tissue in sham, PCL-PEG-PCL@2Exo and PCL-PEG-PCL@PBS group. (N) Collagen density of tissue in sham, PCL-PEG-PCL@2Exo and PCL-PEG-PCL@PBS group. 

The data are shown as the means ± S.D. from three independent experiments (with three replicates each); ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001 indicates significant 

differences between the indicated columns. 
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Fig. 5. Exosomes promote macrophage M2 polarization via Akt/ PI3K. (A)Confocal laser images of macrophages after different treatments with PBS, Exos and 

LY294002. (B) Quantization of CD206 fluorescence intensity in confocal. (C) The proportion of CD206 positive cells in total cells. (D) The concentration IL-6, IL-10, 

TNF- 𝛼 in cell supernatant of different groups. (E) Exosomes promote the polarization of macrophages by activating the PI3K/Akt signaling pathway. The data are 

shown as the means ± S.D. from three independent experiments (with three replicates each); ∗ p < 0.05, ∗ ∗ p < 0.01 and ∗ ∗ p < 0.001 indicates significant differences 

between the indicated columns. 
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he successful inhibition of foreign body reactions is still lacking [44–

1] . Further research showed that macrophages quickly migrate to the

urface of the material and polarize pro-inflammatory M1 phenotype

hen materials are implanted into body. The prolonged M1 presence

auses a severe FBR, resulting in chronic inflammation and failure of

mplantation. Inspired by that tumor cells induce macrophages from

1 polarization to M2 polarization through exosomes, we use cancer

ells-derived exosomes as loader on implanted biomaterials to inhibit

he FBR. In brief, mouse breast cancer cell-derived exosomes are loaded

n PCL-PEG-PCL fiber scaffolds to fabricate bioactive engineered scaf-

olds. The function of exosome was verified with mouse and mouse cells.

he exosomes are demonstrated to induce macrophages around the im-

lanted biomaterials to M2 polarization, and minimize the unnecessary

mmune reaction of the body ( Scheme 1 ). 

Characteristics of the protein and morphology demonstrate that we

uccessfully obtain exosomes of 4T1 cell [52] , and the size is about

0nm. The 4T1 cell-derived exosomes show good anti - inflammatory ac-

ivity by promote the macrophage into M2 polarization ( Fig. 1 ). Biocom-

atibility and safety are essential for biomaterials in clinical [ 53 , 54 ].

ue to the particularity of exosome source, the carcinogenicity and ef-

ect to promote cancerous are researched in Figs. S1 and S2. Although

tudies have shown that cancer cell exosomes contain more oncogenes

nd can induce gene recombination in cell level [ 55 , 56 ], we prelimi-

arily demonstrate the safety of exosomes at the in vivo level. Exosomes

either accelerate the metastasis of the primary tumor nor cause cancer
8 
n the organism. Of course, because the complexity of cancer pathogen-

sis and development, the safety of exosomes needs further research. 

The biodegradability and bioinertia of polycaprolactone make it

ore and more widely concerned in tissue engineering [57] . The ex-

ellent mechanical properties of PCL fiber scaffolds mean that PCL fiber

caffolds can be used as the matrix of many scaffolds (Fig. S5) [ 58 , 59 ].

ext, we show the even attachment of exosomes on PCL-PEG-PCL fiber

caffold as well as the exosomes’ sustained release profile from scaffold

n vitro . Almost all exosomes are released within the first 3 days. At the

ellular level, bioactive fiber scaffold can regulate macrophages into M2

olarization and the efficiency of polarization is related to quantity of

xosome loaded ( Fig. 3 ). The optimal load is about 1.5 𝜇g to 2 𝜇g. The

ir-pouch model of inflammation is used to verify the anti-inflammatory

bility of PCL-PEG-PCL@Exo scaffolds in vivo according to the method of

afique et al. [36] . The short-term anti-inflammatory effect of scaffolds

n vivo is very obvious, which gives us confidence to study its long-term

pplication. 

PCL-PEG-PCL fiber scaffold degrades by 15% within one month in

itro and lowers PH of microenvironment ( Fig. 4 B–E), since minor

hanges in extracellular PH can considerably influence the synthesis of

atrix macromolecules [60] , the gradual degradation of scaffolds and

H reduction cause inflammation inevitably which is also an important

actor of FBR. But many researches have shown that the degradation

ate of polycaprolactone is slow. In fact, it is widely accepted that hy-

rolytic degradation of PCL can proceed via surface or bulk degradation



Z. Xiang, X. Guan, Z. Ma et al. Biomaterials and Biosystems 7 (2022) 100055 

Scheme 1. Schematic diagram of bioactive engineered scaffold with cancer cell-derived exosomes to promote M2 polarization. 
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athways, the diffusion–reaction phenomenon determines the means by

hich this pathway proceed [57] . The excellent hydrophilicity of the

CL-PEG-PCL fiber scaffold allows water to enter the fiber and acceler-

tes the hydrolysis. 

Neutrophils first arrive at the inflammatory site and produce an in-

ammatory response, after which macrophages migrate to the implant

urface and polarize into M1 phenotype to promote the development

f inflammation, and neutrophils further aggregate. Macrophages and

eutrophils coordinate with each other to achieve immune function [61–

3] . And M2 macrophages can mediate inflammation resolution by re-

easing anti-inflammatory factors, such as IL-4 and IL-10 etc [10] . The

ormation of multinucleated giant cells and fibrotic tissue around the

caffold are the most important characteristics of FBR [ 64 , 65 ]. No neu-

rophil aggregation, multinucleated giant cells appeared and low col-

agen density near the bioactive engineered scaffolds after the scaffold

as implanted subcutaneously for 1 month means exosomes loaded on

caffold reduce inflammation and FBR ( Fig. 4 E). 

Our work further expands the understanding of how exosomes ex-

rt macrophage immunomodulation. Considering the complexity of the

unction of cancer cell exosomes, we used the exclusion method to ex-

lore the mechanism of exosomes mediating macrophage M2. When the

kt/ PI3K pathway is inhibited, the release of anti-inflammatory factors

nd polarization of macrophages were significantly reduced ( Fig. 5 ).

o We could preliminarily judge that the Akt/ PI3K pathway is one of

he pathway of exosomes mediated M2 polarization. The action mech-

nism is shown in Fig. 5 E. But due to the complexity of tumor exo-

ome inclusion and the diversity of functions, there must be many other

echanisms of exosomes [66] . Here, we just explore the mechanism of

xosome preliminarily, and the specific mechanism may need further

esearch. 

. Conclusions 

In summary, inspired by the special capability of tumor exosomes

n macrophages M2 polarization, we designed PCL-PEG-PCL scaffolds

oaded with cancer cell-derived exosomes to construct bioactive engi-

eered scaffolds for macrophages polarization. We demonstrated tu-

or exosomes exhibited no carcinogenicity and metastasis for normal

ouse within 6 months. The exosomes were loaded on the PCL-PEG-PCL

caffolds with physical adsorption and the exosomes released gradually

rom scaffold after implantation; the exosomes reacted actively with the

acrophages around the scaffolds to facilitate macrophages polariza-
9 
ion in M2 phenotype through PI3K/Akt signaling pathway. As a result,

ancer cell-derived exosomes show the potential for constructing bioac-

ive engineered scaffolds in inhibiting the excessive inflammation and

acilitating tissue formation. 
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