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A B S T R A C T   

Small-diameter tissue-engineered vascular grafts (sdTEVGs) with hyperglycemia resistance have not been con
structed. The intimal hyperplasia caused by hyperglycemia remains problem to hinder the patency of sdTEVGs. 
Here, inspired by bionic regulation of nerve on vascular, we found the released neural exosomes could inhibit the 
abnormal phenotype transformation of vascular smooth muscle cells (VSMCs). The transformation was a prime 
culprit causing the intimal hyperplasia of sdTEVGs. To address this concern, sdTEVGs were modified with an on- 
demand programmable dual-responsive system of ultrathin hydrogels. An external primary Reactive Oxygen 
Species (ROS)-responsive Netrin-1 system was initially triggered by local inflammation to induce nerve 
remolding of the sdTEVGs overcoming the difficulty of nerve regeneration under hyperglycemia. Then, the in
ternal secondary ATP-responsive DENND1A (guanine nucleotide exchange factor) system was turned on by the 
neurotransmitter ATP from the immigrated nerve fibers to stimulate effective release of neural exosomes. The 
results showed nerve fibers grow into the sdTEVGs in diabetic rats 30 days after transplantation. At day 90, the 
abnormal VSMCs phenotype was not detected in the sdTEVGs, which maintained long-time patency without 
intima hyperplasia. Our study provides new insights to construct vascular grafts resisting hyperglycemia damage.   

1. Introduction 

Cardiovascular diseases are a serious threat to human health, and 
approximately 170,000 people die of cardiovascular diseases every year 

worldwide. SdTEVGs (<6 mm) have been increasingly in demand for 
peripheral vascular occlusion, coronary artery bypass grafting, hemo
dialysis arteriovenous fistula, etc. [1]. However, thrombosis and intimal 
hyperplasia are serious problems associated with sdTEVGs after 
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transplantation. Thrombosis is mainly controlled by drugs, but intimal 
hyperplasia causes restenosis of vascular grafts, seriously shortening 
their patency time and restricting further clinical application of 
sdTEVGs [2–4]. Small-diameter TEVG transplantation is an important 
method to treat diseases of small- or medium-sized vessels in the context 
of diabetes [5]. However, disordered lipid metabolism and the accu
mulation of advanced glycation end products cause severe intimal hy
perplasia in sdTEVGs and then lead to the rapid decay of graft patency 
[6,7]. Therefore, preventing intimal hyperplasia in sdTEVGs to support 
their long-term patency in diabetes has become a critical problem to be 
solved. 

Intimal hyperplasia is characterized by abnormal migration and 
proliferation of vascular smooth muscle cells (VSMCs). Although many 
studies have focused on inhibiting VSMCs proliferation by blocking 
related signaling pathways, such as TGF-β, the control of intimal hy
perplasia is still limited [8,9]. VSMCs can be divided into two subtypes: 
contractile and synthetic. The transformation from a contractile to a 
synthetic phenotype is a common pathological feature of restenosis after 
percutaneous transluminal coronary angioplasty (PTCA), atheroscle
rosis, and vascular graft blockage [8,10], which suggests that the 
abnormal phenotypic transformation of VSMCs is a key initial step of 
intimal hyperplasia. 

From the perspective of either structure or function, nerves and 
blood vessels are interweaved. Almost all blood vessel networks except 
capillaries are innervated by sympathetic fibers. Nerves regulate the 
activity and nutrition exchange of blood vessels [11–13]. Nerve fibers 
have been reported to branch multiple times to innervate VSMCs in the 
form of varicose bodies. In addition, finger-like axon terminals can grab 
VSMCs by forming synaptic microspurs [14], through which neural 
exosomes containing active substances are then released and taken up 
by VSMCs [15]. However, hyperglycemia inhibits nerve fiber growth 
into sdTEVGs because of distal degenerative neuropathy and axonal 
growth suppression induced by related gene expression changes and 
nerve fiber structural disorders [16,17]. In addition, hyperglycemia 
decreases the activity of the protein that controls neural 
exosome-containing multivesicular body (MVB) transport. 

Among the family of axon growth-inducing molecules, only Netrins 
can promote axon outgrowth and attraction [18,19]. In particular, 
Netrin-1 effectively induces the growth of nerve axons. The effect of 
growth cones on the regeneration of axons is 9 times stronger than that 
of nerve growth factor (NGF) [20,21]. In addition, as a molecular switch 
for MVB transport, Rab proteins regulate the formation, transport, 
adhesion, fusion and release of exosomes [22]. Rab35 activation can 
specifically promote neural exosome release from synapses carrying 
their wrapped active substances [23]. Under physiological conditions, 
the guanine nucleotide exchange factor DENND1A can specifically bind 
to the most sensitive glutamine Q67 position in the amino acid sequence 
and activate Rab35 [24]. 

Inspired by the interaction between nerves and blood vessels, we 
propose here that functional nerve reconstruction can regulate intimal 
hyperplasia in sdTEVGs. A programmable dual-responsive release sys
tem was mounted on the adventitia of the sdTEVGs. After trans
plantation into Sprague-Dawley (SD) rats, the primary ROS-responsive 
Netrin-1 system was initially triggered by local inflammation, inducing 
the integration of nerve fibers into the sdTEVGs. With increased levels of 
the neurotransmitter ATP from the immigrated nerve fibers, the sec
ondary ATP-responsive system was turned on. DENND1A was then 
delivered to nerve fibers, which promote the release of neuronal exo
somes to maintain the normal phenotype of VSMCs. For up to 90 days, 
the transplanted sdTEVGs (1 mm) remained patent without intimal 
hyperplasia in diabetic rats. 

2. Results 

DENND1A activated Rab35 to restore the release of neural 
exosomes inhibited by high glucose simulation. The secretion 

process of neural exosomes and their characteristics including typical 
saucer-like morphology, average particle size and surface markers were 
identified. Their numbers were significantly reduced under high glucose 
simulation. Rab35 was inactivated and exosomes numbers were obvi
ously reduced under high glucose simulation (Supplementary Fig. 1). 
DENND1A, a guanine nucleotide exchange factor (GEF), specifically 
bound to Rab35 and dissociated from GDP to combine with GTP, 
thereby the Rab35 became active (Fig. 1A and B). Our results confirmed 
the DENDD1A effect on secretion of neural exosomes (Fig. 1C and D). 
When the concentration of DENND1A was slowly increased to 500 ng/ 
ml, most of the intracellular inactive Rab35 was reactivated to the 
activated state (Supplementary Fig. 2). Therefore, 500 ng/ml could be 
used as the minimum effective concentration of DENND1A. When the 
neurons were stimulated by DENND1A for only 1 day, neural Rab35 
maintained its activation state 7 days later (Supplementary Fig. 3), 
indicating that the effect of DENND1A was persistent. 

Neural exosomes inhibited abnormal phenotypic trans
formation of VSMCs under high-glucose stimulation. PKH-26 
labeled neural exosomes were gradually aggregated inside the cyto
plasm of VSMCs at 37 ◦C, which was inhibited at 4 ◦C. The results 
confirmed that endocytosis of neural exosomes by VSMCs is an active 
physiological process (Fig. 1E). The VSMC phenotype was abnormally 
transformed from contractile (α-SMA+) to synthetic (THBS1+) 2 days 
after high-glucose stimulation. After neural exosomes were added to the 
supernatant, the proportion of cells with a contractile phenotype was 
significantly restored (Fig. 1F). According to cell damage tests, the 
intracellular ROS level and carbonyl content of VSMCs obviously 
increased after high-glucose stimulation and significantly decreased 
after addition of neural exosomes (Fig. 1G and H). To identify the key 
proteins that have protective effects on VSMCs in neural exosomes, we 
performed secondary protein mass spectrometry analysis of exosomes 
and compared the results with the protein types in the UniProt database 
(Supplementary Table 1). Based on the confidence scores and functions 
of the proteins, peroxidase-1 (Prdx-1), a protein related to the removal of 
oxidative stress factors in cells [25], was selected. It was further verified 
by Western blot that the Prdx-1 protein existed in neural exosomes with 
high-glucose stimulation (Fig. 1I). In mitochondrial membrane channel 
pore (MPTP) fluorescence and mitochondrial membrane potential as
says in VSMCs, we found that the protective effect of neural exosomes no 
longer existed after adding Conoidin A, a Prdx-1 inhibitor (Fig. 1J). In 
addition, calcification nodules was observed in all the VSMCs 2 days 
after high-glucose stimulation, and a protein content of 80 μg/ml was 
the lowest effective stimulation concentration. After adding 80 μg/ml 
neural exosomes to the culture supernatant, abnormal migration, pro
liferation and calcification of VSMCs was alleviated. However, neural 
exosomes’ reversal effect was inhibited by Conoidin A (Supplementary 
Figs. 4 and 5). Therefore, the above results indicated that Prdx-1 might 
be the key factor in neural exosomes that protects VSMCs. 

Design and properties of sdTEVGs with an on-demand pro
grammable dual-responsive system. Decellularized vascular matrix 
coupled with Netrin-1 was transplanted into the carotid artery of normal 
rats. Two months later, the sdTEVGs were unobstructed, and the neural 
marker PGP9.5 was expressed in large amounts in the adventitia, but 
intimal hyperplasia appeared with blockade of DCC, an axon-induced 
receptor of Netrin-1 (Supplementary Fig. 6). Then, the time regularity 
of nerve fiber growth into Netrin-1-modified sdTEVGs and fiber con
nections with nearby ganglia were detected (Supplementary Fig. 7). 
Netrin-1-modified sdTEVGs (1 mm) maintained 100% patency 24 
months after transplantation (n = 5). PGP9.5 was also expressed in the 
adventitia (Supplementary Fig. 8). The anterograde neuronal tracing 
technique proved that the nerve fibers grown on the sdTEVGs came from 
the superior cervical ganglion at 24 months after transplantation (Sup
plementary Fig. 9). In view of the difficulty of nerve regeneration and 
maintenance of normal nerve function in diabetes, on-demand pro
grammable dual-responsive release systems were designed to modify the 
adventitia of the sdTEVGs. The external hydrogel was a primary ROS- 
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responsive system with Netrin-1, and the internal hydrogel was a sec
ondary ATP-responsive system with DENND1A. After sdTEVGs im
plantation in vivo, nerve reconstruction required at least 2–4 weeks. The 
primary ROS-responsive Netrin-1 system was initially triggered by ROS 
produced from local inflammation that reacted with the long-chain 
hydrophobic thioketone group of the external PEG hydrogel. The 
hydrogel was gradually hydrolyzed, and then Netrin-1 underwent 
controlled release, inducing the integration of nerve fibers into 
sdTEVGs. Later, with the increase in neurotransmitter ATP from the 
immigrated nerve fibers, the secondary ATP-responsive DENND1A sys
tem was activated, which promoted the hydrolysis of the internal 
hydrogel and the release of DENND1A. Nerve fibers enhanced the 
release of neural exosomes after internalization of DENND1A, thereby 
restoring nerve regulation of VSMCs in diabetes (Fig. 2). 

The hydrogel could be easily and rapidly formed through a copper- 
free click reaction between the eight-arm PEG and a crosslinker. The 
external and internal hydrogels could respond to ROS and ATP, 
respectively, and later, the hydrogel was disintegrated (Fig. 3A). The 
internal ATP-responsive hydrogel containing BSA-FITC and the external 
ROS-responsive hydrogel containing BSA-Alexa568 successively 
adhered to the adventitia of the decellularized vascular matrix (Fig. 3B). 
Fourier transform infrared (FT-IR) spectroscopy showed that the char
acteristic absorptions at 2105 for azide groups in eight-arm PEG nearly 
disappeared after adding the crosslinker, indicating that the alkyne
–azide reaction was successful in both hydrogels (Fig. 3C). It was clear 
that the monomer formed a hydrogel at 25 ◦C, and the hydrogel turned 
into a liquid again after adding H2O2 (Fig. 3D). The ATP aptamer and the 
two single-stranded ssDNAs could successfully polymerize into a chain, 
which was again decomposed into a single chain after adding ATP to 
combine with its aptamer (Fig. 3E). The sdTEVGs modified with double- 
layered BSA-FITC or DiR dye molecules were placed in phosphate- 
buffered saline (PBS) or implanted in rats. After observation for a 
period of time, the hydrogel-modified sdTEVGs had strong green fluo
rescence at Days 9 and 14, and this fluorescence remained at Day 30 
both in vitro and in vivo (Fig. 3F and G), suggesting that the hydrogel 
could maintain sustained release for more than 1 month in vivo, thus 
providing sufficient time for nerve fibers to grow into the sdTEVGs. The 
hydrogel we synthesized had a uniform loose structure, which was 
necessary for increasing its contact area with the responsive substrate 
and promoting the ingrowth of nerve fibers (Fig. 3H). The responsive 
PEG hydrogel was almost noncytotoxic to neurons, and Netrin-1 and 
DENND1A also did not show significant cytotoxicity, even when their 
concentrations reached 500 and 2000 ng/ml, respectively (Fig. 3I). To 
achieve our purpose in vivo, the inner hydrogel was designed to respond 
only to the neurotransmitter ATP and release DENND1A immediately, 
but the external hydrogel needed to sustain the controlled release of 
netrin-1 for a period of time to induce nerve growth after the response to 
ROS. The average ROS concentration of the sdTEVGs in vivo from 0 to 
30 days was approximately 3 mM (data not shown). Thus, H2O and 3 
mM H2O2 were used to treat ROS-responsive hydrogels containing BSA. 
The frequency sweep demonstrated that the storage modulus (G′) was 
greater than the loss modulus (G′′) in the gel phase. Compared with 
those in the H2O group, both G′ and G′′ decreased in the H2O2 group, 
reflecting a reduction in hydrogel viscoelasticity. The daily BSA release 
rate within 30 days in the H2O2 group was approximately 3.6% ± 0.7%, 
indicating that the hydrogel had a specific response to H2O2 and 

sustained stable release (Fig. 3J). 
The primary ROS-responsive system released Netrin-1 to induce 

nerve fiber growth into sdTEVGs. Because the 60-day survival rate of 
the diabetic rats was reduced to 20% [26], we injected streptozocin into 
Sprague Dawley (SD) rats on day 15 after sdTEVGs transplantation, and 
various indicators were detected in the rats within 90 days (Fig. 4A). 
ROS produced by inevitable local inflammation associated with the 
implanted sdTEVGs in diabetic rats were able to trigger the degradation 
of the external hydrogels gradually, thereby releasing Netrin-1 (Fig. 4B). 
According to the responsive system and the functional factors contained 
in the hydrogels of the sdTEVGs, the rats were divided into the following 
5 groups: Group 1: Control (empty gel + empty gel); Group 2: Gel-Ne
trin1+gel-DENND1A; Group 3: ROS gel-Netrin1+empty gel; Group 4: 
ROS gel-Netrin1+gel-DENND1A; and Group 5: ROS gel-Netrin1+ATP 
gel-DENND1A. Large amounts of the nerve-specific markers β3-tubulin 
and PGP9.5 were observed in the adventitia of the sdTEVGs in Group 3 
at Day 30 after implantation, confirming that nerve fibers had been 
reconstructed. The number of nerve fibers was much higher in Group 3 
than in Group 2, and the sdTEVGs with no Netrin-1 modification in 
Group 1 had no nerve fibers (Fig. 4C). The highest nerve fiber density 
was also demonstrated in Group 3 (Fig. 4D). Excluding the control 
group, the intima-media thickness ratio (IMTR) of the sdTEVGs in the 
other 4 groups was below 0.41 ± 0.024, and the blood flow velocity was 
above 80.31 ± 6.24 cm/s at Day 30. The sdTEVGs completed endothe
lialization in all groups, and nourishing blood vessels also formed on the 
adventitia of some sdTEVGs at Day 30 (Fig. 4E). The primary 
ROS-responsive Netrin-1 system played a role in inducing the integra
tion of nerve fibers into the sdTEVGs. Early patency of sdTEVGs ensured 
by endothelialization was the basis of further studies on the relationship 
between nerve reconstruction and VSMC function. 

The secondary ATP-responsive system released DENND1A to 
promote normal VSMC rebuilding in the sdTEVGs. At day 30 after 
implantation, the level of the neurotransmitter ATP in decellularized 
sdTEVGs was detected by the chemiluminescence method. The ATP 
content in the sdTEVGs was high in Groups 3, 4 and 5 and positively 
correlated with nerve fiber density. This result suggested that innervated 
sdTEVGs contained sufficient ATP to initiate the degradation of the in
ternal hydrogel and the release of DENND1A (Fig. 5A). DENND1A was 
internalized by neurons and axons after being cocultured at 37 ◦C 
(Fig. 5B), thus activating Rab35 and promoting exosome secretion under 
high-glucose stimulation. Compared with those in the other groups, the 
nerve fibers on the sdTEVGs with the ROS-responsive Netrin-1 system 
were more abundant at Day 60 (Fig. 5C). There was more Prdx-1 on the 
sdTEVGs in Group 5 than on those in Group 4 and Group 3, which 
proved that internal hydrogel degradation caused the release of 
DENND1A and promoted neural exosome secretion under hyperglyce
mia stimulation in vivo (Fig. 5D). Sixty days after implantation, the 
sdTEVGs in Groups 1 and 2 had more severe intimal hyperplasia and 
lower blood flow velocity, and the IMTR increased to 2.33 ± 0.21 and 
0.92 ± 0.085, respectively. In contrast, the sdTEVGs had blood flow 
velocities above 76.25 ± 6.47 cm/s and slight intimal hyperplasia with 
an IMTR below 0.51 ± 0.047 in Groups 3, 4 and 5, in which a large 
number of VSMCs migrated into the media of the sdTEVGs, with patency 
maintained. The Masson’s trichrome staining assay showed that the 
proportion of collagen fibers in the intima of Groups 1 and 2 could reach 
more than 25.7 ± 2.1%, while the proportion of collagen fibers in the 

Fig. 1. Neural exosomes’ secretion and protection on VSMCs was inhibited under high-glucose stimulation. (A) Schematic of Rab35 activation by DENND1A. (B) 
DENND1A stimulation reactivated Rab35 in neurons, which was inhibited under high-glucose conditions. optical density (OD) values were statistically estimated. (C) 
The morphology and numbers of neural exosomes in the three groups were observed by TEM. (D) The total protein contents of exosomes in three groups were 
measured by a BCA assay. (E) Neural exosomes were labeled with PKH26 (red). VSMCs were labeled with CMFDA (green) and DAPI. (F) Immunofluorescence staining 
of VSMCs in the blank, high glucose simulation and exosome groups. Thrombospondin (labeled synthetic VSMCs, green), α-SMA (labeled contractile VSMCs, red), 
and DAPI (blue). (G) Intracellular ROS levels were detected by chemiluminescence. (H) Intracellular protein carbonyl levels were detected by a fluorescence probe 
binding assay. The effects of oxidative stress on mitochondrial membrane potential and membrane channels were investigated in VSMCs. (I) The expression of Prdx-1 
in neurons and neural exosomes under high glucose simulation. (J) MPTP permeability changes in VSMCs were detected using the BBcellProbeTMCA1 probe. All data 
are expressed as the mean ± s.e.m. (n = 5 independent experiments). A two-tailed Student’s t-test was used. Asterisks indicate P values (***P < 0.001). 
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Fig. 2. Design of an on-demand programmable dual-responsive release system in sdTEVGs. Dual-responsive hydrogels were successively modified on the adventitia of the sdTEVGs in vitro, which were than implanted 
into SD rats. Increasing ROS reacted with the external responsive hydrogel, which gradually released Netrin-1 to attract and guide nerve fibers to grow into the sdTEVGs. With the increased levels of the neurotransmitter 
ATP from the immigrated nerve fibers, single－stranded (ssDNA) of the ATP ligand in the internal responsive hydrogel was turned on. Then, the hydrogel released DENND1A, which was internalized by nerve fibers to 
promote the release of neural exosomes, which could inhibit the abnormal transformation of VSMCs into synthetic VSMCs in diabetic rats. 
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Fig. 3. Characteristics of the dual-responsive hydrogel. (A) Through a Michael addition conjugation reaction, diaminoacetic acid reacted with an acrylamide thi
oketone crosslinker and then polymerized oligoamine to synthesize ROS-responsive compounds with modified amino groups at both ends. Then, it reacted with eight- 
arm PEG-azide to form a hydrogel. The ATP-responsive compound was a trimeric molecule consisting of the ATP aptamer and corresponding ssDNA. The added ATP 
bound to its aptamer and disengaged from the ssDNA, and the trimer was depolymerized. (B) The rat common carotid artery (length: 1 cm, diameter: 1 mm) was 
decellularized, the cells (blue) were removed, and collagen (red) was left completely. The internal and external hydrogels encapsulating fluorescent molecules were 
bound to the outer surface of the adventitia, and the double-layered gel structure of the cross-section of the blood vessel was observed under a fluorescence mi
croscope. (C) FT-IR spectra of the 8-arm PEG-azide, ROS-responsive hydrogel and ATP-responsive hydrogel. (D) The solution changed to a gel state with increasing 
temperature, and the gel degraded back to a solution state after incubation with H2O2. (E) PAGE verified that the DNA polymer was responsive to ATP. Lane 1: ATP 
aptamer; Lanes 2 and 3: ssDNA1 and 2 monomers; Lane 4: DNA polymer; Lane 5: ATP hydrolysis of DNA polymer. (F, G) sdTEVGs modified by control hydrogels were 
soaked in PBS or implanted into rats. Fluorescence intensity was observed under a fluorescence microscope, and bioluminescence images were obtained at different 
times. (H) SEM photographs of the internal structure of ROS- and ATP-responsive hydrogels frozen in liquid nitrogen. (I) The MTT method was used to detect the 
effects of different concentrations of hydrogel and the functional molecules Netrin-1 and DENND1A on cell viability. The cell type for the MTT test is HUVEC. (J) 
ROS-responsive hydrogels were stimulated with H2O or 3 mM H2O2, protein release was detected by ELISA, and changes in the hydrogel elastic modulus G′ and 
viscous modulus G′′ were measured by rheometry. All data are expressed as the mean ± s.e.m. (n = 5 independent experiments). 
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Fig. 4. Netrin-1 was released from the primary ROS-responsive system to induce nerve fiber growth into sdTEVGs. (A) Streptozocin was injected on day 15 after TEVG implantation to establish a diabetic rat model. 
Patency, nerve ingrowth, and endothelialization were examined on Day 30. Smooth muscle reconstruction was detected on Day 60, and intimal hyperplasia and VSMC phenotypes were detected on Day 90. (B) The ROS 
content in the sdTEVGs was measured by chemiluminescence within 30 days. (C) SdTEVGs were labeled with both anti-PGP9.5 (green) and anti-β-tubulin3 (red) antibodies to detect nerve fibers growing in the adventitia 
at 30 days after implantation. The fluorescent signals in each group were statistically analyzed. (D) Immunofluorescence staining and statistical analysis showed nerve fibers growing in cross-sections of sdTEVGs by 
labeling PGP9.5 at Day 30. (E) On Day 30, the patency and blood flow velocity of the sdTEVGs were determined with a portable ultrasound scanner. The sdTEVGs in all groups were removed, and endothelialization was 
observed by H&E staining and staining with anti-CD31 (red) and DAPI (blue). The dot lines mean dividing lines between the vascular adventitia, media and intima. All data are expressed as the mean ± s.e.m. (n = 4 SD 
rats per group). Asterisks indicate P values (**P < 0.01). 
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Fig. 5. DENND1A was released from the internal ATP-responsive hydrogel to promote VSMC rebuilding in sdTEVGs. (A) The content of ATP inside the sdTEVGs in each group was measured by chemiluminescence at 
Day 30. (B) DENND1A labeled with Cy3 was used to treat neural cells in vitro. Immunofluorescence staining showed that DENND1A (red) entered the neurons and axons (green). (C) Immunofluorescence staining and 
statistical analysis showed nerve fibers growing in the adventitia of the sdTEVGs after labeling PGP9.5 at Day 60. (D) Immunofluorescence staining and statistical analysis showed Prdx-1 in the media and adventitia of 
the sdTEVGs at Day 60. (E) On day 60 after implantation, H&E and Masson’s trichrome staining were used to show intimal hyperplasia and collagen secretion. Blood flow and velocity were measured by laser Doppler 
ultrasonography, and smooth muscle reconstruction in the sdTEVGs was investigated by α-SMA staining. The dot lines mean dividing lines between the vascular adventitia, media and intima. The meaning of arrows is 
VSMCs. Data are presented as the mean ± s.e.m. (n = 4 SD rats per group). Comparisons between groups were performed using a two-tailed Student’s t-test (**P < 0.01). The absence of asterisks indicates no sig
nificant difference. 
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intima of Groups 3, 4 and 5 dropped to a maximum of 18.6 ± 1.9%, 
indicating that enhanced nerve reconstruction could reduce intimal 
hyperplasia by inhibiting collagen fiber secretion from VSMCs. Notably, 
the proportion of collagen in the intima in Group 5 was only 15.8 ±
1.3%, suggesting that the ability of DENND1A to promote the release of 
neural exosomes could facilitate the inhibition of collagen secretion 
from VSMCs in the neointima. In addition, VSMC rebuilding was almost 
complete in the media of the sdTEVGs in Groups 3, 4 and 5 at Day 60, 
which was positively related to the density of nerve fibers on the 
sdTEVGs. However, there was a certain degree of intimal hyperplasia in 
Groups 3 and 4. In addition, a large number of VSMCs were observed in 
the thick neointima of the sdTEVGs in Groups 1 and 2, and which were 
disorder in the media of the sdTEVGs (Fig. 5E). The results demonstrated 
that the on-demand ATP-responsive DENND1A system increased the 
expression of Prdx-1, which was speculated to come from neural exo
somes and to be beneficial for inhibiting intimal hyperplasia of the 
sdTEVGs. In addition, the rebuilding of VSMCs was more orderly in 
Group 5. 

SdTEVGs with an on-demand programmable dual-responsive 
release system prevented intima hyperplasia in diabetic rats. 
Aneurysm was observed in the sdTEVGs in Group 1 at 90 days after 
implantation, possibly caused by sdTEVGs that lacked VSMC rebuilding 
and failed to resist blood flow stress. H&E staining and carotid ultra
sound scanning showed that the sdTEVGs were severely blocked in 
Groups 1 and 2. Computed tomography angiography (CTA) results 
demonstrated the blood flow status of the carotid artery and showed 
worse stenosis for the sdTEVGs in Groups 1 and 2 than for those in the 
other groups. Intimal hyperplasia and lumen blockage gradually became 
aggravated from Day 30 in the sdTEVGs in Group 3, and the blood flow 
velocity decreased to 41.90 ± 5.22 cm/s with an IMTR of 0.74 ± 0.087 
at Day 90. The changes in blood flow velocity and IMTR were smaller in 
Group 4, and almost no obvious neointima was observed in Group 5 
(Fig. 6A, D and E). The proportion of collagen fibers in the intima 
remained 15.8 ± 1.3% in Group 5 at Day 90, which was obviously lower 
than that in the other four groups, and showed no significant difference 
compared with that at Day 60 (Fig. 6A and F). The above results indi
cated that the secretion of neural exosomes could be improved by 
DENND1A, which provided new insights into the development of the 
ability of sdTEVGs ability to resist intima hyperplasia and maintain long- 
term patency. Furthermore, the rebuilt VSMCs in the sdTEVGs in Group 
3 exhibited an obvious synthetic phenotype and had abundant collagen I 
in the intima. In comparison, the expression of the contractile phenotype 
marker significantly increased and that of collagen I decreased in Group 
4. In Group 5, the VSMCs showed an obviously contractile phenotype 
and had a normal distribution of collagen I (Fig. 6B and C). All these 
results indicated that sdTEVGs with an on-demand programmable dual- 
responsive release system can improve the neural modulation of VSMCs 
under hyperglycemic conditions, preventing the abnormal phenotypic 
transformation of VSMCs and inhibiting intima hyperplasia of the 
sdTEVGs. 

3. Discussion 

Intimal hyperplasia has long been known to be a cause of restenosis 
in vascular grafts and intravascular stents [27]. Likewise, anastomotic 
intimal hyperplasia of sdTEVGs is a critical issue, especially in diabetic 
patients [28–30]. Our study found that even after endothelialization of 
sdTEVGs, the intimal hyperplasia in diabetic rats was still serious. To 
date, there is no satisfactory solution to the problem of intimal hyper
plasia. Consistently, we found that sdTEVGs (1 mm) with nerve fibers 
remained patent for more than 24 months in normal rats. In contrast, 
when nerve growth was blocked, the sdTEVGs showed severe intimal 
hyperplasia and obstruction. Thus, nerves may have a regulatory effect 
on intimal hyperplasia. Synaptic microspurs of nerve fibers through 
varicose bodies contacting VSMCs became the foundation of the spatial 
structure. Exosomes, which are known to contain lipids, nucleic acids, 

and proteins that regulate the biological activity of recipient cells and 
activate signaling pathways in target cells, may be the liaison between 
nerve fibers and VSMCs [31,32]. We demonstrated that under 
high-glucose stimulation, the release of neural exosomes was reduced 
sharply, but this reduction could be reversed by DENND1A. The trans
formation of Rab35 from the inactive GDP-bound state to the active 
GTP-bound form can be promoted by DENND1A, which triggers the 
continuous release of exosomes [24]. 

Abnormal phenotypic transformation and proliferation of VSMCs are 
mechanisms of vascular intimal hyperplasia and stenosis [33]. Synthetic 
VSMCs mainly exist in pathological blood vessels and synthesize and 
secrete abnormal ECM proteins, causing the intima to thicken and the 
lumen to narrow. We found that VSMCs undergo a phenotypic trans
formation from contractile to synthetic under high-glucose stimulation, 
which was the initial key factor causing intimal hyperplasia of sdTEVGs. 
Neural exosomes were found to prevent the phenotypic transformation 
of VSMCs under high-glucose stimulation. Oxidative stress, chronic 
inflammation, and apoptosis are factors that induce VSMC phenotypic 
transformation, which generally produces high levels of ROS, leading to 
mitochondrial function and structural disorders [34,35]. We further 
found that the Prdx-1 protein was present in neural exosomes, which 
maybe a key factor in the protective effects on VSMCs. 

In response to the functional and metabolic disorders of nerves and 
VSMCs in sdTEVGs under hyperglycemia stimulation, we designed 
sdTEVGs with on-demand programmable responsive release systems to 
induce nerve ingrowth and enhance the neural regulation of VSMCs. The 
primary ROS-responsive hydrogel containing Netrin-1 maintained sta
bility in the adventitia of the sdTEVGs in vivo and in vitro, with a loose 
pore structure, excellent mechanical properties and biocompatibility. In 
this study, a long-chain PEG with a thiol group at the terminal modified 
cyclooctyne was selected as the crosslinking agent for the external ROS- 
responsive hydrogel of the sdTEVGs, which protected Netrin-1 from 
diffusing and degrading before the inflammatory reaction occurred. 
After local ROS reacted with the thione group in the hydrogel, which 
was then gradually hydrolyzed. Since nerve fiber regeneration takes 
approximately 2–4 weeks, the primary ROS-responsive Netrin-1 system 
extended the time of sustained Netrin-1 release in vivo for 30 days, thus 
enhancing the efficacy of Netrin-1 in promoting nerve fiber rebuilding of 
sdTEVGs in the context of diabetes. Axon guidance factor Netrin-1 is 
present in the ECs of natural blood vessels, which has both anti- 
inflammatory and promoting nerve growth effects. In our previous 
research, we have found netrin-1 could promote the inflammation res
olution and endothelialization of sdTEVGs [36]. In this study, we uti
lized Netrin-1 to promote the nerve regeneration of sdTEVGs. Our 
researches suggested that there might exist relevance between endo
thelialization and neurotization of vascular grafts, which is consist with 
recent finding on recellularization of human acellular vessels [2]. 

ATP is released as a common neurotransmitter together with other 
types of neurotransmitters and directly activates the P2X1 receptor on 
the cell surface at neuromuscular junctions, causing rapid depolariza
tion and contraction of smooth muscle [37]. We designed the secondary 
ATP-responsive DENND1A system with aptamer sequence ssDNA as a 
crosslinking agent to modify the internal hydrogel of the sdTEVGs. 
Thirty days after implantation, the neurotransmitter ATP secreted by 
immigrated nerve fibers triggered hydrolysis of the inner hydrogel to 
release DENND1A. VMSCs were rebuilt, and the intimal hyperplasia of 
sdTEVGs in Group 5 was significantly reduced compared with that in the 
other groups. We speculated that the possible reason why nerve recon
struction promoted VSMC rebuilding of the sdTEVGs was that peripheral 
nerves and Schwann cells continued to secrete growth factors, such as 
PDGF, which activated signaling pathways, including Ras ERK, c-Src and 
rap-1-rac, and might promote the proliferation and migration of VSMCs 
or smooth muscle progenitor cells in vivo [38,39]. The formation of a 
neuroimmune homeostasis interface in the sdTEVGs in vivo is another 
possible reason [40]. This topic warrants further study. Ninety days after 
TEVG implantation, in contrast to sdTEVGs with normal blood flow 
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Fig. 6. SdTEVGs with programmed responsive release systems showed a normal VSMC phenotype without intimal hyperplasia. (A) On day 90 after sdTEVGs implantation, H&E and Masson’s trichrome staining showed 
intimal hyperplasia and collagen secretion. Blood flow and velocity were measured by laser Doppler ultrasonography. Micro-CT was used to observe the overall patency of the sdTEVGs. (B) The phenotype of VSMCs was 
investigated by α-SMA (green) and thrombospondin (red) immunofluorescence. In addition, collagen I was used to detect the content of type I collagen in the hyperplastic intima of the sdTEVGs. The dot lines mean 
dividing lines between the vascular adventitia, media and intima. (C) Statistical analysis of α-SMA, thrombospondin and COL1 expression in the neointima of the sdTEVGs. (D–F) Statistical analysis of blood flow volume 
(D), the IMTR (E), and the proportion of collagen fibers in the intima (F) of the sdTEVGs in each group at days 30, 60 and 90. For C–F, data are presented as the mean ± s.e.m. (n = 4 SD rats per group). Comparisons 
between groups were performed using a two-tailed Student’s t-test with Welch’s correction. Asterisks indicate P values (*P < 0.05, **P < 0.01). 
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velocity in Group 5, the intimal hyperplasia of the other groups was 
further aggravated, collagen secretion was further increased, and 
abnormal phenotypic transformation of VSMCs was detected. This result 
indicated that the on-demand programmable responsive release systems 
were beneficial for inducing nerve fiber reconstruction and enhancing 
the release of neural exosomes, leading to inhibition of the abnormal 
phenotypic transformation of VSMCs in the sdTEVGs. 

In conclusion, this study indicates that, in diabetes, functional nerve 
reconstruction is beneficial to prevent intimal hyperplasia of small- 
diameter TEVGs, which lays a foundation for the development of 
TEVGs from structural bionics to functional bionics. Design of on- 
demand programmed responsive systems match such processes of 
nerve reconstruction and the release of neural exosomes effectively. It 
provides a new approach to overcome the intimal hyperplasia for other 
vascular implants. Meanwhile, there still need more work before the 
clinical application, cause we hadn’t perform the large animal experi
ment, in which sdTEVGs occur thrombotic occlusion more easily 
compared to SD rats. In addition to normal VSMCs, we also found 
circulating monocytes also participated in intimal hyperplasia of 
sdTEVGs during the research, which could also transform to VSMCs 
phenotype by the mechanical stimulation in special inflammatory 
microenvironment. We will continue our efforts for the early complete 
solution on intima hyperplasia of vascular grafts. 
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