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Vascular access is the lifeline for hemodialysis patients and the single most important component of the he
modialysis procedure. Arteriovenous fistula (AVF) is the preferred vascular access for hemodialysis patients, but
nearly 60% of AVFs created fail to successfully mature due to early intimal hyperplasia development and poor
outward remodeling. There are currently no therapies available to prevent AVF maturation failure. First, we
showed the important regulatory role of nitric oxide (NO) on AVF development by demonstrating that intimal
hyperplasia development was reduced in an overexpressed endothelial nitric oxide synthase (NOS3) mouse AVF
model. This supported the rationale for the potential application of NO to the AVF. Thus, we developed a selfassembled NO releasing nanomatrix gel and applied it perivascularly at the arteriovenous anastomosis imme
diately following rat AVF creation to investigate its therapeutic effect on AVF development. We demonstrated
that the NO releasing nanomatrix gel inhibited intimal hyperplasia formation (more than 70% reduction), as well
as improved vascular outward remodeling (increased vein diameter) and hemodynamic adaptation (lower wall
shear stress approaching the preoperative level and less vorticity). Therefore, direct application of the NO
releasing nanomatrix gel to the AVF anastomosis immediately following AVF creation may enhance AVF
development, thereby providing long-term and durable vascular access for hemodialysis.

1. Introduction
There are more than 600,000 patients with end stage renal disease in
the United States requiring dialysis therapy [1]. Vascular access
dysfunction remains a significant cause of morbidity and mortality in

patients utilizing hemodialysis, and the annual cost for treatment totals
over one billion U.S. dollars [2]. The vascular access is the “lifeline” for
the hemodialysis patient, and a functioning and durable vascular access
permits consistent and reliable dialysis therapy. Arteriovenous fistulas
(AVFs), created by a direct anastomosis between a native artery and
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sustained release of NO in comparison to other NO releasing materials
[17]. Additionally, the formation of the nanomatrix gel via cross-linking
without addition of organic solvents or initiators provides excellent
biocompatibility. Using a syringe, the NO releasing nanomatrix gel can
be directly applied locally to the AVF to maximize NO delivery and
prevent systemic complications. To our knowledge, it is the first time for
direct perivascular application of the NO releasing nanomatrix gel to
promote AVF maturation. Thus, animals with healthy kidney functions
were used, in order to test the safety and tolerance of this new tech
nology. In the present study, in vivo analysis of the NO releasing nano
matrix gel application at the rat AVF anastomosis was performed. We
demonstrated that the NO releasing nanomatrix gel was successfully
applied at the venous anastomosis of the rat AVF, and reduced both
venous intimal hyperplasia and a pro-inflammatory mediator (monocyte
chemoattractant protein-1; MCP-1) and other markers of inflammation
compared to the control nanomatrix gel (without NO) treated group by
histological, biological analysis, and transcriptomics analysis. In addi
tion, enhanced AVF outward remodeling by the NO releasing nano
matrix gel treatment was analyzed using magnetic resonance imaging
(MRI)-based computational fluid dynamics (CFD) analysis. This study
provides an alternative approach for addressing AVF maturation failure
through local and sustained delivery of NO from nanomatrix gel directly
applied to the AVF.

vein, are the preferred type of vascular access because they have sub
stantially low rates of thrombosis, infection, and healthcare-related ex
penditures, provided they successfully mature for dialysis [3]. However,
AVF maturation failure remains a major cause of morbidity, mortality,
and hospitalization among hemodialysis patients [4]. Although AVFs
are the preferred option for dialysis access, up to 60% of AVFs created
fail to mature adequately for successful dialysis use. AVF maturation
failure is due to a combination of early aggressive venous intimal hy
perplasia development and poor outward remodeling following AVF
creation. At present, there are no effective therapies to promote AVF
maturation.
In this study, we demonstrated the importance of the “endothelial
nitric oxide synthase (NOS) – nitric oxide (NO)” system in AVF remod
eling and presented an innovative approach with the potential to
enhance AVF maturation in the clinical setting (Fig. 1). The endothelium
plays an important role in regulating AVF development. Endothelialderived NO is a key vasodilator and signaling molecule in vascular
remodeling [5–10], and it has also been shown to inhibit intimal hy
perplasia in arterial injury models [11–14]. Here, we first showed the
important regulatory role of NOS3 on venous intimal hyperplasia for
mation by using mouse AVF models with different levels of NOS3
expression. This study, where overexpression of NOS3 reduced initial
hyperplasia development in AVFs, supported the hypothesis that
increasing and sustaining local NO bioavailability -concurrent with AVF
creation-may inhibit AVF maturation failure, thus providing the ratio
nale for the potential application of NO to the AVF.
Next, we developed an innovative therapeutic NO delivery system,
which is a self-assembled nanomatrix gel, in order to provide sustained
release of NO directly at the venous anastomosis of the AVF, the primary
site of AVF pathology. The NO releasing nanomatrix gel was composed
of peptide amphiphiles (PAs) that consisted of hydrophilic NO releasing
functional peptide sequences coupled to hydrophobic tails. The amphi
philicity of the PAs drives self-assembly of PAs into cylindrical micelle
nanofibers, which form a nanomatrix gel with the addition of calcium
ions [15,16]. For NO delivery, amine group from lysine (K) interacts
with NO and forms the NO complex, called diazeniumdiolate, on the
PA-KKKKK [17,18]. Dissociation of NO from the surface of the PA
nanomatrix gel can occur by hydrolysis, which provides initial burst
release of NO. Then, the NO diffuses through the multi-layered PA
nanofibrous matrix, which enables the nanomatrix gel to provide

2. Materials and methods
2.1. Surgical creation of rodent AVF
All studies and experiments were approved by the University of
Alabama at Birmingham Institutional Animal Care and Use Committee
(IACUC) and were performed in accordance with National Institutes of
Health guidelines. For the investigation of the role of NOS3 in AVF, three
strains of mice weighing 20–25 g were used in these experiments.
C57BL/6 mice (NOS3+/+; wild type) and NOS3 knockout mice (NOS3− /
−
) on C57BL/6 background were purchased from Jackson Laboratories.
Transgenic mice overexpressing the human NOS3 gene (NOS3 OE) on
C57BL/6 background were described in previous publications [19,20].
The varying NOS3 expression levels in these three mouse strains (before
AVF creation) were confirmed by Western Blot in our previous publi
cation [21]. AVFs were created as described in detail in our previous

Fig. 1. AVF maturation failure and NO therapy. Progress of AVF maturation failure after AVF creation and potential application of NO therapy to improve AVF
maturation process for hemodialysis. IH: Intimal hyperplasia.
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study [22]. Briefly, an end (vein) to side (artery) fistula was surgically
created between the jugular vein and carotid artery.
For NO releasing nanomatrix gel application, rat AVFs were created
in 12–16 week old male Sprague Dawley strain (Taconic Biosciences,
Hudson, NY). The rats were anesthetized in a continuous anesthetic
induction chamber at a concentration of 3–4% using oxygen enriched air
and placed on a heated surface to maintain body temperature at 37 ◦ C
during the procedure. Midline incision of the surgical area was per
formed to expose the femoral vasculature. The femoral artery and vein
were carefully dissected by using a surgical microscope. Vascular clamps
were placed as distally and proximally as possible in the vein and artery
to stop blood flow in the region of anastomosis creation followed by
ligating the vein as distally as possible using a 7.0 silk suture. A longi
tudinal incision was made in the middle of the artery, and the vein was
transected using a microsurgical scissor just proximally to the ligation.
Lumens of both vessels were then rinsed with heparin solution (100 IU/
ml) until the vessels were clear of blood. Using 10-0 microsurgical su
tures (Arosurgical, polyamide monofilament), an end-to-side anasto
mosis was created using the femoral vein (end) and femoral artery
(side). After unclamping of the femoral vessels, dilation of the arterial
ized vein and patency was confirmed visually. Then, the nanomatrix gel
or the control gel (without nitric oxide) was directly applied on the
anastomosis site followed by closing the skin with 6.0 suture.

at 1, 5, 9, 13, 17, 21, 24, and 28 days. The collected samples were
analyzed using a Griess assay reagent in the Total NO kit (Thermo Fisher
Scientific). From the samples, the nitrite (NO2-; primary degradation
product of NO) and the reduced NO2- from nitrate (NO3-) were
measured using a Griess assay.
2.6. Evaluation of NO gel on smooth muscle cell proliferation in vitro
Human aortic smooth muscle cells (SMCs) (16,000 cells per each
well; Lonza, Walkersville, MD) were seeded in the 24 well plate and
cultured overnight with 1.5 ml of SMC growth medium (SmGM-2 Bul
letKit; Lonza) at normal cell culture conditions (37 ◦ C, 95% humidity,
5% CO2). Then, varied concentrations of PA-YK-NO (0.2, 0.5, 1, and 3 wt
%) containing nanomatrix gels were loaded in the cell culture insert
wells (3.0 μm pore size membrane, Corning, NC) and treated to the SMCs
in the 24 well plate. The SMCs with the gels were cultured for 3 days
under fetal bovine serum (FBS) deprived condition. After 3 days, the
SMCs were stained by conducting a live/dead viability assay (Molecular
Probes Inc., OR) and were quantified using microplate reader (Excita
tion/emission, live signal: 485 nm/528 nm and dead signal: 528 nm/
617 nm).
2.7. Nanomatrix gel degradation test

2.2. Preparation of the self-assembled PAs

To test gel degradation treated to the rat AVF, an infrared (IR)
fluorescence NO releasing nanomatrix gel was created. The IR dye
800CW (Licor, Lincoln, NE) was conjugated to the lysine residues on the
PA-KKKKK (1 wt%) via ester linkage. 2 μl of IR conjugated PA-KKKKK
was then incorporated into the NO releasing gel during gel formation.
After rat AVF creation, the IR fluorescence NO releasing gel was
implanted at the anastomosis site. The rat was sutured back up and
allowed to recover for 24 h. For imaging, the rat was sedated using
isofluorane and placed in the LICOR Pearl Trilogy machine (Lincoln,
NE). The fluorescence of the implanted gel on the surgical site was
imaged at various time points to observe the degradation of the gel over
a 2-month time period.

Peptides consisting of a matrix metalloproteinase-2 (MMP-2) medi
ated cleavage site (GTAGLIGQ) with an endothelial cell-adhesive
sequence YIGSR (for PA-YIGSR) or a nitric oxide (NO) donating res
idue KKKKK (for PA-KKKKK) were synthesized using standard Fmocchemistry on an Advanced Chemtech Apex 396 peptide synthesizer
[17,23,24]. The synthesized peptide sequences were linked to a C16
palmityl chain by alkylation to create the peptide amphiphiles (PAs).
The two PAs (PA-YIGSR, PA-KKKKK) were mixed in a 9:1 ratio to form
PA-YK as previously described [17,23,24]. NO gas was reacted with the
lysine residues in PA-YK (1 wt%; weight/volume) after argon gas purge
in a glass round bottom flask overnight to form PA-YK-NO.

2.8. MRI acquisition and data extraction

2.3. Self-assembly of NO releasing nanomatrix gels

Rats were imaged with anatomical and angiography MRI techniques
to determine the AVF flow velocity and lumen geometry as in our pre
vious mouse study [22], with modifications for rats detailed in the
Supporting Information. AVF flow velocities at the proximal fistula vein,
proximal artery, and distal artery were extracted from the gradient echo
velocity mapping sequence. Geometric reconstructions of the AVF
lumen were created from the T2-weighted fast spin echo sequence, from
which AVF lumen area was calculated and tetrahedral 3D meshes were
created as we described [22].

The NO releasing nanomatrix gel was created by combination of PAYK-NO (75 μL of 1 wt%) and PA-S (75 μL of 2 wt%; which consists only
of the MMP-2 sensitive sequence and C16 alkyl chain to create a stable
gel) with CaCl2 (20 μL of 0.1 M) [16]. The molar ratio (Mr) among PAs
and calcium ions (PA-YK-NO/PA-S/CaCl2) to form the nanomatrix gel
was 1:1:0.5, as previously described [16]. The control nanomatrix gel
without NO was also created by combination of PA-YK, PA-S, and CaCl2
(Mr = PA-YK:PA-S:CaCl2 = 1:1:0.5).
2.4. Rheology characterization

2.9. CFD simulation and post-processing

To determine the viscoelastic properties of the nanomatrix gels, an
AR2000 rheometer (TA Instruments, UK) was used. Briefly, the gel was
placed on a circular, flat-plate construct about 10 mm in size and sub
jected to oscillatory stress to determine the dynamic oscillatory shear.
Pre-shear was applied to obtain equilibrium. The storage modulus (G′ )
and loss modulus (G′′ ) were measured over a frequency range of 0.1–10
Hz at 37 ◦ C.

3D volumetric meshes were used as the lumen domains with rigid
blood vessel walls in CFD simulations. Boundary conditions for the CFD
simulation were prescribed as in our previous mouse study [21] with a
modification for rats, described in the Supporting Information.
Fluid-wall shear stress (FWSS) and vorticity were calculated from the
results of CFD simulations [21,22].

2.5. NO release kinetics from the NO releasing nanomatrix gel

2.10. Tissue harvesting and sacrifice

The nanomatrix gels were placed to insert-wells in a 24 well plate.
The nanomatrix gel in the insert-well was incubated with 1 mL of
phosphate buffered saline (PBS) under physiological conditions in an
incubator at 37 ◦ C, 5% CO2, and normal nitrogen and oxygen levels. The
incubated PBS was collected, frozen (− 80 ◦ C), and replaced by fresh PBS

Anesthetized mice and rats were euthanized by intracardiac perfu
sion with PBS for protein studies and 10% formalin for histology studies
7 days after AVF creation. AVFs were dissected for tissue harvest. AVF
vein sections were obtained from the AVF at the vein anastomosis up to
4–6 mm thickness from the anastomoses.
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2.11. Morphometric analysis

frozen with liquid nitrogen and stored at − 80◦ . RNA isolation and
sequencing were performed by Discovery Life Sciences (Huntsville, AL).
Total RNA was isolated using standard Discovery Life Sciences pro
tocols. All samples underwent RNA quality control assessment using a
Fragment Analyzer (Agilent) and had RNA Integrity Number (RIN) >
9.0. All RNA samples that pass quality control underwent library prep
aration using the TruSeq™ Stranded Total RNA with Ribo-Zero™ Plus
rRNA Depletion protocol (Illumina, San Diego CA). Quality control for
library concentration estimation was performed using Picogreen assay
(Invitrogen) and fragment size estimation was performed using the
Caliper DNA-HS chip. Kapa qPCR quantification was performed to es
timate the nanomolar concentration of the final libraries. RNA libraries
were sequenced at 150 base pair read length to attain 50 M paired-end
reads (100 M total reads) on a NovaSeq 6000 instrument (Illumina, San
Diego, CA).

Morphometric analysis from Masson’s trichrome staining (mouse
model) and Russell-Movat pentachrome staining (rat model) was per
formed on each AVF to determine the average intimal/media area ratio
as previously described [25,26]. 10–12 slides of 5 μm sections were
obtained by selecting the first of every 10 sections beginning at the vein
anastomosis of the AVF. Digital photographs of each section were taken
and processed using Adobe Photoshop Creative Suite 6. Cellsense
Dimension Software (Olympus Life Science) was used for the morpho
metric analysis and was performed in photographs of stained tissue
sections at the final magnification of 4× or 10×. Intimal area (Blue) and
the medial area (Red) were outlined, and tissue areas were measured
and recorded in square micrometers. The ratio of intimal area (Ia) to
medial area (Ma) was calculated (Ia/Ma). For each animal, mean values
for the intimal to medial area ratio were reported. In the mouse model,
morphometry was also performed with Verhoeff-Van Gieson to compare
morphometric analysis with Masson’s trichrome staining (Supporting
Materials and Methods and Supplementary Fig. S2).

2.15.2. RNA sequencing bioinformatic analysis
The rat genome and gene feature files were downloaded from
Ensembl release 104 (Rnor_6.0 assembly) and the reference database
was created using STAR version 2.7.9a with splice junctions optimized
for 100 base pair reads [27]. Optical duplicates were removed from the
paired end FASTQ files using clumpify v38.34 and reads were trimmed
of adapters using cutadapt 1.16 [28]. The trimmed reads were aligned to
the reference database using STAR in two pass mode to output a BAM
file sorted by coordinates. Mapped reads were assigned to annotated
genes using featureCounts version 1.6.3 [29]. The output files from
cutadapt, FastQC, FastQ Screen, Picard CollectRnaSeqMetrics, STAR and
featureCounts were summarized using MultiQC to check for any sample
outliers [30]. Differentially expressed genes were identified using a 5%
false discovery rate with DESeq2 version 1.30.1 [31]. The differentially
expressed genes were further analyzed in Ingenuity Pathway Analysis
(IPA) to find enriched pathways and upstream regulators [32].

2.12. Western blotting analysis
The AVF and control tissues were lysed using the cold radio
immunoprecipitation assay (RIPA) lysis buffer (Millipore, Billerica, MA)
containing protease and phosphatase inhibitors (Thermo Scientific,
Waltham, MA). Equal amounts of protein (20 μg) were separated on
4–15% polyacrylamide gel (Bio-Rad, Hercules, CA) and then transferred
from the gel to the nitrocellulose membrane (Thermo Scientific, Wal
tham, MA). The membranes were incubated with blocking solution (5%
BSA) containing (1) MCP-1 (Cell Signaling, Beverly, MA #9572) and (2)
interleukin-1 beta (IL1-β) (Abcam, Cambridge, MA, #Ab64179) anti
bodies. Equal loading of protein was confirmed by measuring total
protein or GAPDH expression. Secondary antibodies were goat antimouse, goat anti-rabbit or chicken anti-goat antibodies, respectively,
conjugated to horseradish peroxidase (HRP). Detection of the protein
bands was performed using standard enhanced chemiluminescent (ECL)
substrate (Thermo Scientific, Waltham, MA). Densitometric analysis was
performed to quantitatively assess total protein expression from the
Western blotting using Image J. The Image J quantitated intensity of
bands was normalized to GAPDH.

2.16. Statistical analysis
Group comparisons for the mouse and rat AVF were performed by
paired t-test (if data followed a normal distribution) or Wilcoxon signedrank test (if data did not follow a normal distribution), with significance
set at *p < 0.05 and **p < 0.01. Statistical comparisons of CFD-derived
results (velocity, FWSS, and vorticity) were performed in GraphPad
Prism 8 (GraphPad Software, Inc., La Jolla, CA) by one-way ANOVA
with Tukey post-tests for individual comparisons, with significance set
at *p < 0.05.

2.13. AVF tissue cGMP analysis
Snap-frozen samples at the time of vessel harvest were analyzed for
cyclic guanosine monophosphate (cGMP; vasodilation mediator) using a
commercial enzyme-linked immunosorbent assay (ELISA) kit (Gen
Script, Piscataway, NJ). cGMP levels were expressed as pmol/mg
protein.

3. Results
3.1. NOS3
3.1.1. Overexpression mice have reduced AVF intimal hyperplasia
We investigated the role of NOS3 on AVF maturation by utilizing
three mouse strains: NOS3− /− (knockout), NOS3+/+ (wild type), and
NOS3 OE (overexpression). AVFs were created using end-to-side anas
tomosis of the internal jugular vein (end) to carotid artery (side)
(Fig. 2a); the venous segment of the AVF anastomosis was harvested at 7
days to quantitate intimal hyperplasia formation by histology analysis,
and to measure tissue cGMP levels using an ELISA. The histology at the
7-day time point demonstrated a marked reduction of intimal hyper
plasia formation in NOS3 OE mice when compared to both NOS3− /−
and NOS3+/+ mice. Furthermore, there was significant intimal hyper
plasia formation in NOS3− /− mice when compared to NOS3+/+ mice,
suggesting a deficiency in NOS3 expression may contribute to AVF
maturation failure by promoting intimal hyperplasia formation
(Fig. 2b–e). In addition, the degree of stenosis at the venous AVF
demonstrated the same trends with the intimal hyperplasia development
at the 7-day time point (Supplementary Fig. S1). NOS3 OE and NOS3+/
+ mice showed a significant reduction of stenosis, resulting in increased

2.14. Immunohistochemical analysis
Paraffin-embedded AVF venous sections from NO gel and control gel
treated rats were evaluated to identify the cellular phenotypes contrib
uting to the intimal hyperplasia formation. α-SMA (M0851, DACO
Agilent, Santa Clara, CA), Vimentin (M0725, DACO Agilent, Santa Clara,
CA) and Desmin (M0760, DACO Agilent, Santa Clara, CA) primary an
tibodies were used to verify the presence of cells with smooth muscle
origin and the presence of myofibroblasts. In addition, CD68 (NB600985, Novus Biologicals, Centennial, CO) primary antibodies were used
to verify the presence of inflammatory cells.
2.15. Transcriptomics analysis
2.15.1. RNA extraction and sequencing
Outflow AVF vein samples were harvested from nitric oxide nano
matrix gel and control gel treated rats at postoperative day 7 and flash
4
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Fig. 2. Effects of differential NOS3 expression on biological response at 7 days in murine AVF. (a) Murine jugular (end) vein to carotid artery (side) AVF model and
the different genotypes used in this study. Mouse strains: NOS3− /− (knockout), NOS3+/+ (wild type), and NOS3 OE (overexpression). Representative histological
images of venous intimal hyperplasia development following 7 days post AVF creation in (b) NOS3− /− , (c) NOS3+/+, and (d) NOS3 OE mice. Note the level of
severe intimal hyperplasia formation in the NOS3− /− mouse and the restricted intimal hyperplasia formation with NOS3 OE. Single and double-headed arrows:
Intimal hyperplasia development. (e) Morphometric analysis from AVF veins. Data are presented as the mean ± s. e.m. (n = 3 for NOS3− /− group and n = 4 for
NOS3− /− and NOS3 OE groups). *p < 0.05 and **p < 0.01. (f) cGMP concentration in AVF veins measured using ELISA. Data are presented as the mean ± s. e.m. (n
= 3 for NOS3+/+ mice group and n = 4 for NOS3− /− and NOS3 OE mice groups). *p < 0.05 and **p < 0.01. An unpaired t-test was used to test for statistical
differences between groups.

open lumen percentage, at the venous AVF compared to NOS3− /− mice.
Thus, NOS3 upregulation could play a beneficial role in AVF maturation
by reducing intimal hyperplasia and stenosis following AVF creation.
In addition, cGMP (vasodilation mediator) expression in the venous
portion of the AVF was measured in each mouse group. NO synthasederived NO diffuses into the surrounding layers of vascular smooth
muscle cells to mediate vasodilation. NO produces vessel relaxation by
activation of soluble guanylyl cyclase, which subsequently elevates
intracellular cGMP levels in vascular smooth muscle cells [33,34]. We
found that cGMP levels at the venous anastomosis were significantly
increased in NOS3+/+ and NOS3 OE mice compared to NOS3− /− mice
(Fig. 2f).
Taken together, using a genetic approach, we found that the

NOS3–NO-cGMP pathway is positively associated with reduced AVF
venous intimal hyperplasia, and that upregulated NOS3 expression can
promote desired AVF remodeling.
3.2. In vitro characterization of NO gel
For the application of NO therapy on AVF maturation, the NO
releasing nanomatrix gel was developed by co-assembly of PAs, con
sisting of PA-YK-NO (1 wt%) and PA-S (2 wt%) (Fig. 3a). PA-YK-NO
contains enzyme-mediated degradable sites for nanomatrix remodel
ing, laminin-derived endothelial cell adhesive ligands, and poly-lysine
NO donors in optimized ratios for a vessel healing strategy [17,35].
PA-S has only enzyme-mediated degradable sites and higher mechanical
5
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Fig. 3. Characterization of NO gel. (a) Formation of NO releasing nanomatrix gel by self-assembly and cross-linking of PA molecules. (b) Measure of storage modulus
(G′ ) and loss modulus (G′′ ) of nanomatrix gels over various frequencies (0–10 Hz) using dynamic oscillatory rheometry at 37 ◦ C. G’/G′′ of nanomatrix gels is
calculated in the table. Data are presented as the mean ± s. e.m. (n = 4 of each group). (c) Evaluation of in vitro NO release profiles from nanomatrix gels for 28 days.
NO released samples from each time point were analyzed using the total NO assay kit, which measured the nitrite (NO2-; primary degradation product of NO) and the
reduced NO2- from nitrate (NO3-). Data are presented as the mean ± s. e.m. NO releasing nanomatrix gel (n = 4) and control nanomatrix gel without NO (n = 3). (d)
Live and (e) dead assays on SMCs after 3-day culture with varied concentrations of PA-YK-NO (0.2, 0.5, 1, and 3 wt%) containing nanomatrix gels. Data is presented
as the mean ± s. e.m. (n = 4 for each group). *p < 0.05 and **p < 0.01. An unpaired t-test was used to test for statistical differences between groups. (f) Degradation
of NO releasing nanomatrix gel at the rat femoral AVF. The IR fluorescence dye was conjugated to the PA for in vivo visualization of gel using LiCOR Pearl Trilogy
machine at various time points (up to 57 days; see Supplementary Fig. S3; representative images from one rat (n = 3)).

stability compared to other PAs [16]. Thus, the combination of PA-S
with functionalized PAs enables modulation of the viscoelastic proper
ties and creation of a robust platform for in vitro and in vivo applications
[16].
The viscoelastic properties of the NO releasing nanomatrix gel and
the control gel without NO were analyzed using an AR Rheometer. The
storage modulus (G′ ) and loss modulus (G′′ ) of the gels were evaluated at
variable frequencies at 37 ◦ C (Fig. 3b). The storage modulus (G′ ) in
dicates elastic behavior and measures the stored deformation energy;
both gels had a storage modulus (G′ ) higher than 4000 Pa at various
frequencies up to 10 Hz. The loss modulus (G′′ ) is a measure of the en
ergy dissipated as heat and friction when subjected to deformation. A
ratio of storage modulus to loss modulus (G’/G′′ ) of both gels was also
calculated, and the G’/G′′ values of both gels were higher than 3 at
various frequencies as shown in the table. In general, a stable gel can be
assumed if G’≥10 Pa for practical gel application and G’/G”≥1 is
commonly used to indicate gel formation [16,36]. Thus, the rheology
data indicated that both the NO releasing nanomatrix gel and control gel
have sufficiently robust viscoelastic properties for in vivo application.
In addition, the in vitro NO release profile from the nanomatrix gel
was evaluated using the total NO assay kit (Thermo Fisher), which
indirectly measures the accumulation of released NO from the nano
matrix gel, for a month. NO release was characterized as having an
initial burst release in the first 24 h (about 17% of the NO), followed by
sustained release over a period of 28 days, with 72% of NO released
(Fig. 3c). The burst release from dissociated NO on the surface of the
nanomatrix gel was easily accessible to the AVF to promote immediate
vasodilation. Then, sustained delivery was achieved as the NO within
the nanomatrix gel slowly diffused through the multi-layered PA
nanofibrous matrix, as well as by enzyme mediated nanomatrix degra
dation [17]. Prolonged NO release is critical to arrest intimal hyper
plasia, maintain proper vasodilation, and enhance endothelialization
during the recovery period after AVF creation, which may take a few
weeks [37–39]. This NO release profile is consistent with our prior work
on the degradation and release kinetics of the PA nanomatrix [17,23].
We also evaluated the effects of NO releasing nanomatrix gel on
human aortic smooth muscle cell (SMC) proliferation in vitro. For this
experiment, we used varying concentrations of PA-YK-NO (0.2, 0.5, 1,
and 3 wt%) to create nanomatrix gels containing different NO concen
trations (Fig. 3d and e). The concentration of NO releasing nanomatrix
gel that inhibited SMC proliferation was used as a basis for gel appli
cation in the in vivo AVF model for the reduction of intimal hyperplasia.
The prepared gels were treated to SMCs using insert wells and evaluated
utilizing live/dead assays 3 days after gel treatment. In the live cell
assay, the 0.2 wt% PA-YK-NO containing gel treated group did not show
a significant difference in live fluorescence signal compared to the un
treated group. However, the 0.5 wt% PA-YK-NO containing gel treated
group showed a significant reduction in fluorescence when compared to
the untreated group. Both 1 wt% and 3 wt% PA-YK-NO containing gel
treated groups showed an additional reduction of fluorescence, but there
was no significant difference between the two groups. In the dead cell
assay, there was no significant difference in dead fluorescence signal
among all groups. These results indicated that NO releasing nanomatrix
gel reduced SMC proliferation at PA-YK-NO (>0.5 wt%) concentrations
but did not affect cell viability. Since 1 wt% PA-YK-NO containing gel
showed the highest reduction in SMC proliferation (3 wt% did not

significantly reduce further), this concentration of gel was used for the in
vivo studies.
3.3. Degradation of NO gel applied to the AVF in rats
Maintaining nanomatrix gel stability after application to the AVF is
critical for sustained NO delivery and therapy. To evaluate gel degra
dation surrounding the AVF, we applied fluorescent NO releasing
nanomatrix gel to rat AVFs that were created using the femoral artery
and vein of Sprague Dawley rats via end (vein) to side (artery) anasto
mosis. The fluorescent nanomatrix gel was created by the incorporation
of an infrared fluorescent dye (IR Dye, LI-COR) to the PA molecule, and
the dye fluorescence was observed using the Pearl imaging system (LICOR) after gel implantation (Fig. 3f). Through the infrared imaging
system, we found that the fluorescence of the perivascular nanomatrix
gel gradually reduced over time, but was still detectable at 2 months
(Supplementary Fig. S3). This result indicated that the applied nano
matrix gel degraded slowly and thus has the potential for prolonged
release of NO during the AVF maturation process.
3.4. NO gel inhibits AVF intimal hyperplasia in rats
The NO releasing nanomatrix gel (treatment group) or control gel
without NO (control group) was applied directly over the venous
anastomosis of the rat AVF (Fig. 4a–c; Supplementary Video 1). At 7
days following AVF creation, the animal was euthanized and the AVF
tissue was harvested to assess the early effects of the NO therapy on AVF
maturation. Since the majority of stenosis and intimal formation in
human AVF dysfunction occurs at the venous anastomosis, we analyzed
the venous sections of our rat AVF anastomoses. The treatment group
rats showed an approximately 70% reduction in the average intima/
media area ratio at the venous anastomosis of the AVF compared to the
control group, indicating that intimal hyperplasia development was
significantly reduced with treatment of the NO releasing nanomatrix gel
(Fig. 4d–f). The degree of stenosis at the venous anastomosis was also
significantly reduced, which resulted in increased open lumen percent
age in the treatment group compared to the control group (Supple
mentary Fig. S4). These results were consistent with the reduction of
venous intimal hyperplasia and stenosis in NOS3 OE mouse AVF models.
Taken together, these results demonstrated the crucial role of NO on the
regulation of venous intimal hyperplasia development at the AVF
anastomosis.
Supplementary video related to this article can be found at https://
doi.org/
3.5. NO gel increases cGMP and inhibits MCP-1 in rat AVFs
We also assessed, using ELISA, whether our NO releasing nanomatrix
gel can increase local AVF levels of cGMP, a vasodilation mediator.
There was a 7-fold increase in cGMP levels in the treatment group
compared to the control group at the venous anastomosis of the AVF
(Fig. 4g); this trend was also observed when comparing NOS3 OE mice
versus wild type mice (Fig. 2f). In addition, we analyzed the expression
of inflammatory mediators (IL-1β and MCP-1) in the venous AVFs
(Fig. 4h and i). IL-1β is known to be involved with vascular inflammation
and remodeling [40]. However, there was no significant difference in
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Fig. 4. Effects of NO gel treatment, 7 days following AVF creation in rats. (a), (c) Application of NO releasing nanomatrix gel immediately after AVF creation. (b) Rat
femoral (end) vein to artery (side) AVF model. (d) Representative histological images of venous intimal hyperplasia development following 7-day post-AVF creation
with the control gel treated group (note the level of aggressive intimal hyperplasia) and (e) the NO releasing nanomatrix gel treated group (note the limited intimal
hyperplasia formation). Arrows: Intimal hyperplasia development. (f) Morphometric analysis from AVF veins. Data are presented as the mean ± s. e.m. (n = 4 for
each group). *p < 0.05. (g) cGMP concentration in AVF veins measured using ELISA. Data are presented as the mean ± s. e.m. (n = 4 for control gel treated group and
n = 3 for NO gel treated group). *p < 0.05. (h), (i) Representative Western blots and densitometric analysis of MCP-1 and IL-1β protein expression from AVF-veins.
Equivalence of loading was assessed by immunoblotting for GAPDH. Data are presented as the mean ± s. e.m. (n = 6 for each group). *p < 0.05. An unpaired t-test
was used to test for statistical differences between control gel treated and NO gel treated groups.

IL-1β expression between the treatment and control groups in the venous
AVFs. MCP-1 is one of the key cytokines regulating mono
cyte/macrophage infiltration and vascular smooth muscle cell prolifer
ation, and it may also have important roles in promoting the
development of intimal hyperplasia at the venous anastomosis of the

AVFs [41]. MCP-1 expression was significantly reduced in the treatment
group compared to the control group indicating that our NO gel therapy
may reduce intimal hyperplasia by decreasing MCP-1 expression.
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3.6. NO gel reduce α-SMA, vimentin, desmin and CD68 expression in rat
AVFs

signal transduction that promotes metabolism, proliferation, cell sur
vival, growth and angiogenesis (PI3K/AKT Signaling), and pathways
that regulate transcription of target genes involved in energy meta
bolism, vascular function, oxidative stress, inflammation (PPARα/RXRα
Activation) (Fig. 8b) (Supplemental Table 2).
Subsequently, we identified upstream regulators of NO gel treated
AVF vein using IPA. Fig. 8c demonstrates the top significantly activated
and inactivated regulators and include multiple genes associated with
cardiovascular remodeling. NO gel therapy inhibited many of these
regulators predicted to be implicated in vascular remodeling such as
TGFβ1, CCR2 (MCP-1), IL1B, and IL-6. Moreover, NO gel therapy acti
vated regulators that influence TGFβ1 signaling (SMAD 7), inhibit
smooth muscle cell proliferation (miR-455), and promote vessel dilation
(NOS3) (Supplemental Table 3).

Previous studies characterizing the cellular phenotypes with in the
regions of intimal hyperplasia following AVF creation demonstrated the
presence of α-SMA and Vimentin-positive myofibroblasts and Desminpositive contractile smooth muscle cells [42,43] and macrophages
[44,45]. Therefore in order to characterize the cellular phenotype in the
outflow vein following NO therapy, we evaluated the expression of
α-SMA, Vimentin, Desmin and CD68 within the intimal regions (Fig. 5).
There was a significant reduction in the abundance of α-SMA, Vimentin
and Desmin-expressing cells with in the intimal region with the NO gel
treatment when compared to the control gel treatment (p < 0.05).
Furthermore, we observed a significantly lower number of CD68 (+)
cells following NO gel therapy (p < 0.05). Overall these results indicate
there is a significant reduction in predominant intimal cell population
following NO gel therapy when compared to the control gel therapy.

4. Discussion
Our present study demonstrated that local self-assembled NO
releasing nanomatrix gel applied perivascularly on the AVF anastomosis
can be an effective therapy to improve AVF maturation. The key findings
from this study are that AVFs treated with NO releasing nanomatrix gel
therapy when compared to control gel without NO: (1) inhibits venous
intimal hyperplasia, (2) improves outward remodeling and hemody
namic adaptation, and (3) reduces AVF inflammation. Furthermore, we
have demonstrated that the NO releasing gel degrades slowly over time,
allowing the sustained release of the NO therapy. The animals tolerated
the NO releasing nanomatrix gel therapy well, and we did not observe
any adverse responses.
Vascular access is the lifeline for the hemodialysis patient, as it is the
conduit that allows for three times weekly dialysis treatment. The
preferred vascular access is the AVF, and the United States vascular
access guidelines recommend AVF placement in the majority of hemo
dialysis patients requiring vascular access [46–48]. Following surgical
creation, AVFs require a maturation period to dilate and achieve suffi
cient blood flow for dialysis therapy, usually 6 weeks to 3 months.
However, up to 60% of AVFs created never successfully mature for he
modialysis use (AVF maturation failure) due to intimal hyperplasia
development and/or poor outward remodeling, particularly at the
venous anastomosis of the AVF. This high maturation failure rate is
currently the greatest barrier towards AVF use [42,49,50]. At present,
there are no effective therapies to improve AVF maturation. The few
therapies tested to date have largely focused on the delivery of anti
platelet (e.g., aspirin, fish oil, and clopidogrel) and antiproliferative (e.g.,
sirolimus and paclitaxel) agents, and have shown no benefit compared
to placebo controls [51,52]. These therapies have demonstrated high
rates of AVF maturation failure likely due to the inability to locally
deliver a sufficiently high dose of a drug in a sustained manner to the site
of vascular injury, the AVF anastomosis. Additionally, various biomol
ecule candidates can be applied for improving vessel outward remod
eling (e.g., prostaglandin, allicin, and TFG-β-activated protein kinase 1)
or targeting “venous” intimal hyperplasia development (e.g., Resolvin
D1 (RvD1), heparin, hyaluronic acid, and IL-4), but these compounds
remain largely unexplored for AVF maturation [53–61]. Mechanisms
leading to AVF maturation failure remain poorly understood. It has been
hypothesized that poor hemodynamic and vascular biological responses
after AVF creation result in venous intimal hyperplasia development and
impaired outward remodeling [62–64]. NO is an important signaling
molecule in the cardiovascular system. NO has many important prop
erties, such as inhibition of platelet activity and smooth muscle cell
proliferation and migration, reduction of inflammatory responses, and
enhancement of endothelial cell proliferation [35,65–67]. Based on
these properties, NO has been known to inhibit intimal hyperplasia in
arterial injury models [11,12,14]. Furthermore, NO is a potent vasodi
lator and plays an important role in vascular remodeling [67–69]. In our
present study, we first demonstrated the important role of NOS3 in
regulating AVF development by using NOS3 knockout and

3.7. NO gel improves AVF hemodynamics in rats
After its creation, the AVF undergoes vascular remodeling, with an
increase in its lumen diameter being the desired outcome. A critical
hemodynamic change triggering vascular remodeling, post-AVF crea
tion, is the FWSS level. This immediate increase in blood flow has long
been hypothesized to promote an adaptive response in the AVF in which
the luminal diameter increases in an attempt to reduce FWSS to pre-AVF
levels. Using MRI-based CFD approach on our rat AVF model, we eval
uated venous AVF lumen area and hemodynamics of the NO releasing
nanomatrix gel (treatment) and the control gel without NO (control)
treated groups (Fig. 6; detailed procedures are described in Supporting
Information). The venous AVF lumen cross-sectional area was signifi
cantly (p < 0.05) larger in the treatment group (2.76 ± 0.65 mm2) as
compared to the control group (2.45 ± 0.44 mm2) 7 days after AVF
creation, suggesting that the NO releasing nanomatrix gel can promote
outward AVF remodeling (Fig. 7 a, b, and o). In addition, the treatment
group had lower venous blood flow velocity and smoother streamlines
compared to the control group (Fig. 7 c-f and p, Supplementary Videos 23). Thus, the treatment group showed lower FWSS and less vorticity
compared to the control group, further suggesting that local NO
releasing nanomatrix therapy may promote desired hemodynamic
adaptation (Fig. 7 g-n, q, and r; Supplementary Videos 4-7).
Supplementary video related to this article can be found at https://
doi.org/
3.8. Transcriptomics analysis of NO gel vs. control gel treated outflow
AVF vein
We performed transcriptomic analysis using RNA-seq to identify
potential changes in gene expression in NO gel treated AVF veins at 7
days. We sequenced an average 79 million reads per sample (range,
67–93 million reads), of which 55% (range, 48–59%) were uniquely
aligned to the reference rat genome. We subsequently identified 1267
genes that were significantly differently expressed between NO gel
treated AVF vein and control gel treated AVF vein using a 5% FDR. 511
genes were up-regulated and 756 significantly downregulated in the NO
gel treated AVF veins (Supplemental Table 1). The log2 normalized
counts from all 1267 significant genes were hierarchically clustered in
the heatmap in Fig. 8a.
We ran Ingenuity Pathway Analysis (IPA) to compare significant
genes with its curated database of pathways and gene networks to pre
dict which canonical pathways are activated (Z score of >0) and or
inactivated (Z-score of <0). A total of 1190 significant genes were
mapped to the IPA database and canonical pathways associated with
inflammatory signaling, senescence (aging), and epithelialmesenchymal transition were notably inactivated (Fig. 8b). Canonical
pathways that were predicted to be activated included pathways in
9
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Fig. 5. Expression of α-SMA, Vimentin, Desmin and CD68 following NO gel treatment in rat AVF veins. (a) Immunostaining of representative sections from control
gel and the NO-releasing nanomatrix gel treated groups. Higher magnification boxed images are at 40×. (b) Quantification of α-SMA, Vimentin, Desmin positive area
and CD68 cells in the intimal region. Black arrows: positive regions. N = 3 in each group. *p < 0.05.
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Fig. 6. MRI analysis of rat AVF. (a), (b) MRI scanning of a rat using a Bruker Biospec 9.4T/20-cm horizontal bore instrument. (c) Image acquisition with a T2weighted fast spin sequence (black-blood double inversion) for visualization of AVF lumen geometry. (d) Gradient echo velocity mapping sequence for quantita
tive measures of the blood flow. (e) 3D smoothed geometric reconstruction of the AVF lumen. (f) MRI data extraction and CFD simulation of the fluid domain.

overexpression mice. Our results suggested that endothelial NO pro
duction is critical for inhibition of venous intimal hyperplasia and
stimulation of a key vasodilatory mediator, cGMP, in the AVF. Thus,
locally-delivered NO therapy that allows for sustained and controlled
NO release may help mitigate venous intimal hyperplasia development
and promote outward remodeling. Our rat studies supported this
rationale.
Beneficial effects of perivascular NO delivery on inhibition of intimal
hyperplasia have been previously demonstrated in arterial injury models
[11–13]. However, there are only a handful of reports on NO therapy
and venous intimal hyperplasia formation, where the vascular envi
ronment is different compared to arteries. Vein grafts and AVFs are the
most common surgically created conduits that expose veins to the
arterial environment. Thus, the long-term success of both of these con
duits depends on the ability of the vein to adapt to the arterial hemo
dynamic conditions. Chaux et al. reported on delivering SPER/NO to the
external surface of vein grafts in hypercholesterolemic rabbits using a
bio-degradable polymer, and observed a 39% reduction in vein graft
hyperplasia at 28 days [70]. Fulton et al. reported on a local delivery of
NO using a pluronic gel, which caused a 36% reduction in intimal hy
perplasia formation in rabbit vein grafts at 28 days [71]. In our rat AVF
study, we demonstrated that local delivery of NO inhibited venous
intimal hyperplasia in an AVF setting by more than 70% when compared
to the control. In addition, our results indicate that there is a significant
reduction in previously known predominant intimal cell populations,
that express α-SMA, vimentin, desmin and CD68, following NO gel
therapy when compared to the control gel therapy. To the best of our
knowledge, this study is the first report on the use of a local, perivascular
delivered NO therapy on AVF with successful inhibition of venous
intimal hyperplasia.
Local NO therapy appears to inhibit intimal hyperplasia through
several mechanisms. Released NO may enhance endothelial cell

proliferation at the site of vascular injury and restore the protective
barrier. Previously reported studies have demonstrated that NO stimu
lated endothelial cell regeneration and thereby accelerated reendothe
lialization [72]. Another potential mechanism of intimal hyperplasia
inhibition by NO, which we evaluated, may include the reduction of
proinflammatory mediators such as MCP-1 (Fig. 4h). Previous studies in
murine AVF models with genetic deficiency of MCP-1 demonstrated a
marked reduction of intimal hyperplasia, reflected by the increased AVF
patency at 6 weeks after creation [41]. Another previous studies showed
that human stenotic AVF samples had increased MCP-1, which further
indicated the importance of MCP-1 expression on AVF patency [73]. Our
results from our Western blot studies demonstrated a reduction in
MCP-1 protein expression at the venous anastomosis, suggesting that
reduction of inflammation may be a potential mechanism of our NO
therapy to explain the reduction in intimal hyperplasia. Our results were
also consistent with our in vitro studies, which demonstrated attenuation
of inflammatory responses under dynamic flow [67].
To further understand the molecular pathways by which NO therapy
mitigates intimal hyperplasia and promotes outward remodeling, we
performed transcriptomic analysis using RNA-seq. We found that the
majority of downregulated pathways from the NO therapy that are
involved in signaling pathways related to inflammation, senescence
(aging), and epithelial-mesenchymal transition were inactivated. This
may play an important role in intimal hyperplasia development and
outward remodeling. Moreover, we discovered the majority of upregu
lated pathways from the NO gel treatment involved pathways that
regulate inflammation, vascular function, cell survival, and angiogen
esis. Further analysis of upstream regulators demonstrated that up
stream inflammatory regulators such as TGFβ1, CCR2 (receptor for
MCP-1), IL1β, and IL-6 were inhibited by the NO gel treatment and
regulators that influence TGFβ1 signaling (SMAD 7), inhibit smooth
muscle cell proliferation (miR-455), and promote vessel dilation (NOS3)
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Fig. 7. Hemodynamics at the rat AVF at 7 days after NO gel treatment. (a), (b) MRI images of rat AVFs treated with the control gel without NO and the NO releasing
nanomatrix gel, respectively. Yellow arrow: blood flow direction. (c-n) Color maps of the velocity, FWSS, and vorticity, as well as the cross-section (located at the
dashed black lines) of rat AVFs. Black arrow: blood flow direction. (o) venous cross-sectional area. (p-r) CFD quantifications of venous velocity, venous FWSS, and
venous vorticity, respectively. Box and whisker plots present data from the 25th to 75th percentile with whiskers extending to the 5th and 95th percentile. (n = 3 for
the control gel treated group and n = 4 for the NO gel treated group). *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8. Transcriptomics of NO-gel versus control gel. (A) Hierarchical clustering of the log2 normalized counts from 1267 significant genes. The values are scaled
by rows and represent the number of standard deviations from the mean log2 normalized count. (B) Canonical pathways with activation z-scores and p-values from
Ingenuity Pathway Analysis. (C) Upstream regulators with activation z-scores and p-values from Ingenuity Pathway Analysis. The activation Z-score makes pre
dictions about the direction of gene regulation (inhibited or activated).
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were activated by the NO gel treatment. This further supports our
concept that NO gel therapy may promote successful AVF outward
remodeling and inhibit intimal hyperplasia by suppressing proin
flammatory responses and enhancing vasodilatory responses. In addi
tion to our present study, two other animal studies evaluating locally
applied therapies at the AVF outflow vein have also demonstrated
attenuation of inflammation pathways using RNA-seq technology. Singh
et al., in a porcine AVF model, evaluated local delivery of 1a,25(OH)2D3
from poly(lactic-co-glycolic acid) (PLGA) nanoparticles embedded in a
thermosensitive Pluronic F127 hydrogel (1,25 NP) and demonstrated a
decrease in signaling pathways associated with inflammation, apoptosis,
and fibrosis [74]. Misra et al. created AVFs in mice with a humanized
fractalkine receptor 1 (hCX3CR1) knocked in, with one group treated
with an anti-hCX3CR1 VHH molecule applied at the outflow vein (KI-A)
and a control group treated with a vehicle control (KI–V) [44]. RNA-seq
analysis performed showed the KI-A treated group, as compared to the
KI-V group, had decreased expression of inflammatory pathways and
identified TNF-α and NF-kβ as potential targets of CX3CR1 inhibition.
In addition to inhibition of venous intimal hyperplasia, our results
demonstrated the potential to enhance outward remodeling. Connection
of a low-pressure vein to a high-pressure artery leads to a series of events
that initiates an immediate increase in blood flow from the inflow artery
into the outflow vein [62–64]. This rapid increase in flow results both in
passive vascular distension and in NO synthesis by endothelial cells with
subsequent vascular smooth muscle cell relaxation, resulting in acute
vasodilation [62,75–77]. A critically important post-AVF creation he
modynamic change triggering vascular wall remodeling is the FWSS
[78–81], which is the frictional force exerted by blood flow on the
vascular luminal surface. This increase in blood flow has long been
hypothesized to provoke an adaptive response in the AVF in which the
luminal diameter increases in an attempt to reduce FWSS to pre-AVF
levels [80,82]. Notably, AVFs treated with the NO releasing nano
matrix gel, as compared to AVFs with control gel administered,
demonstrated increased vein area and lower FWSS and vorticity at 7
days after creation, suggesting improved hemodynamic adaptation
(Fig. 6). Furthermore, AVFs treated with the NO releasing nanomatrix
gel also increased AVF vein cGMP levels, suggesting that our local NO
delivery may also have the potential to positively enhance smooth
muscle cell relaxation, another mechanism to promote outward
remodeling.
Our self-assembled nanomatrix technology and delivery system have
several key advantages in the setting of improving maturation. First, the
release kinetics of NO from the nanomatrix showed an initial burst
release followed by slow, sustained delivery over an extended duration,
thus ideally targeting critical periods of AVF remodeling and develop
ment. Immediate release of NO is critical to promote vasodilation, while
sustained release is important to promote outward remodeling and
inhibit intimal hyperplasia development over time. Second, our novel
therapy utilizes a gel to deliver NO via a perivascular route. NO is a
freely diffusible molecule and can penetrate all layers of the blood vessel
(e.g., adventitia, media, and intima). This perivascular approach may be
advantageous because (a) applying NO directly to the adventitia
(“outside-in approach”) may be far more effective in blocking adventi
tial activation and fibroblast migration, and (b) direct local application
of a small amount of drug can result in high concentrations at the site of
vascular injury (venous anastomosis) with minimal systemic toxicity.
Third, properties of the nanomatrix gel are beneficial for therapeutic NO
delivery to the AVF: (a) PA molecules can self-assemble into the nano
matrix gel for NO release without further modification, such as chemical
conjugation or photo cross-linking [15], that may have undesired
complications. (b) The gelation properties can be tunable by
co-assembling various PAs, which allows maintenance of gel stability
during AVF maturation [16]. (c) Slow degradation of the nanomatrix gel
through the enzyme-mediated degradation sequence (MMP-2 degrad
able site) provides sustained release of NO [17]. Our degradation studies
confirmed slow degradation over a two-month period, an optimal

window for continuous release of NO during the AVF development
period.
Our study has several limitations. First, in this study, we have
focused specifically on the effects of our NO releasing nanomatrix gel on
early (i.e., 7 days) AVF remodeling and intimal hyperplasia develop
ment. Within the first week, we observed significant intimal hyperplasia
development. Additionally, other studies showed that cell proliferation,
which contributes to the formation of intimal hyperplasia, tends to occur
at an early timepoint reaching a maximum at day 5, when changes in
blood flow and diameter are greatest [83,84]. Therefore, therapeutic
efficacy is important at the early timepoint in the prevention of intimal
hyperplasia. An early time point observation is also important to
determine clinical AVF outcomes. The increases in blood flow and vessel
diameter occurs soon after AVF creation in a great majority of clinical
cases [50,78,85–89]. Blood flow reaches higher than minimum blood
flow rate ≥500 ml/min for adequate AVF development for dialysis use
within 1 day and it is critical for predicting AVF maturation within two
weeks [50,78,85–91]. Therefore, demonstrating efficacy at 1 week
powerfully predicts successful AVF maturation. A second limitation is
that our study was performed in healthy rodents. AVFs are created in
humans in the setting of advanced chronic kidney disease, so we must
remain cautious in extrapolating results from rodents with healthy
kidneys to patients with advanced chronic kidney disease where base
line levels of endothelial dysfunction, oxidative stress, and inflammation
may be increased. Future studies to investigate the efficacy and safety of
the NO gel therapy in animals with kidney disease and for durations
longer than 7 days are warranted.
For our future Food and Drug Administration (FDA) application, we
plan to perform comprehensive biocompatibility testing of our gel by
following the guidelines from International Organization for Standard
ization (ISO). Our previous studies successfully demonstrated the
biocompatibility of various PA nanomatrix gel applications in vitro and
in vivo models including mouse, rat, and dog [92–94]. We did not
observe any scar tissue formation, foreign body response, or physio
logical changes in any of animal model. Further biocompatibility testing
will be performed including evaluation of cytotoxicity, intracutaneous
reactivity, sensitization, systemic toxicity, pyrogenicity, genotoxicity,
and local effects under good laboratory practice (GLP) conditions as
required by the FDA.
5. Conclusion
AVF is the most common vascular access method for hemodialysis
treatment, but frequent failures (60%) of AVF maturation, due to early
intimal hyperplasia development and poor outward remodeling, create a
large financial cost and reduce quality of life. In this study, we demon
strated that the perivascular application of NO releasing nanomatrix gel
to the anastomosis after AVF creation significantly reduces venous
intimal hyperplasia development and enhances outward vascular
remodeling by increasing vasodilation and improving hemodynamic
adaptation. Furthermore, the NO releasing nanomatrix gel therapy also
reduces local inflammation at the AVF-vein anastomosis. Our results
suggest that our novel NO releasing nanomatrix delivered perivascularly
via gel application has the potential to mitigate AVF maturation failure.
As a future study, we will apply the NO releasing nanomatrix gel to a
large animal AVF model, which is more closely related to human
physiology for clinical setting.
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