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Introduction

Perivascular delivery of therapeutic agents against 
established aetiologies for occlusive vascular 
remodelling has great therapeutic potential for 
vein graft failure.1-6 This mode of application 
has clear advantages: systemic side effects are 
avoided, clinically-established drugs can be used, 
and the application would be clinically feasible. 
Nevertheless, none of the perivascular drug 
delivery systems tested experimentally have been 
translated into clinical practice, at least partly due 
to the lack of a perivascular drug delivery system 
for vein grafts. Given that transplanted vein grafts 
are usually not restricted by surrounding tissues 
but instead are freely suspended, therapeutic 
drug delivery cannot be achieved if the matrix 
carrying drugs cannot firmly adhere to the 
adventitia of vein grafts with minimal impact on 
vein graft mechanics. Indeed, it is a challenge to 
create such a drug delivery system.

Hyaluronic acid (HA)-based hydrogels have 
been widely used for numerous drug delivery 
applications due to their biocompatibility, 
biodegradability, and tunable physicochemical 
properties.7-9 HA-based hydrogels provide high 
porosity and permeability, allowing for drug 
loading and release via a diffusion process. 
However, the uses of HA hydrogels in drug 
delivery applications remain limited by low 
drug payloads, particularly for hydrophobic 
drugs and rapid release kinetics.10, 11 Therefore, 
modifying the microstructure of HA-based 
hydrogels,12 and/or incorporating micro-13 and 
nanoparticles,14-16 could be adopted to control 
drug release from HA hydrogels. Graphene oxide 
nanosheet (GO) has been demonstrated to have 
potential uses in various biomedical applications, 
such as drug delivery systems,17, 18 tissue-
engineered scaffolds,19, 20 and biosensors.21, 22 GO 
is a derivative of graphene containing hydroxyl, 
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Perivascular delivery of therapeutic agents against established aetiologies 

for occlusive vascular remodelling has great therapeutic potential for vein 

graft failure. However, none of the perivascular drug delivery systems 

tested experimentally have been translated into clinical practice. In this 

study, we established a novel strategy to locally and sustainably deliver the 

cyclin-dependent kinase 8/19 inhibitor Senexin A (SenA), an emerging 

drug candidate to treat occlusive vascular disease, using graphene oxide-

hybridised hyaluronic acid-based hydrogels. We demonstrated an approach 

to accommodate SenA in hyaluronic acid-based hydrogels through utilising 

graphene oxide nanosheets allowing for non-covalent interaction with SenA. 

The resulting hydrogels produced sustained delivery of SenA over 21 days with 

tunable release kinetics. In vitro assays also demonstrated that the hydrogels 

were biocompatible. This novel graphene oxide-incorporated hyaluronic acid 

hydrogel offers an optimistic outlook as a perivascular drug delivery system 

for treating occlusive vascular diseases, such as vein graft failure.
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Figure 1. (A) Schematic illustrating the synthesis of Senexin A-loaded graphene (GO-SenA) hyaluronic acid (HA)-based 
hydrogels via Michael addition reaction. (B) GO-SenA was first prepared and then in-situ encapsulated to form a GO-
SenA-incorporated HA-based hydrogel. RT: room temperature.

carbonyl, carboxyl and epoxide functional groups on the 
surfaces. It provides a very highly-specific surface area, excellent 
aqueous solubility, biocompatibility, and multi-functionalities. 
Due to the presence of π electrons delocalised on its surface, 
GO provides the ability to interact with hydrophobic drugs or 
molecules containing aromatic species through π–π stacking 
and electrostatic or hydrophobic interactions.23-28

In this study, we developed GO-hybridised HA-based 
hydrogels that (1) provided sustained release of Senexin A 
(SenA), a selective inhibitor of cyclin-dependent kinase 8/19,29 
an emerging drug candidate for occlusive vascular disease (our 
unpublished data) in vitro at a therapeutic concentration of 
3–30 µM for 3 weeks or longer, and (2) were biodegradable 
and nontoxic. GO served as a nanoparticle for improving 
SenA payloads and controlling the SenA release rate. The 
HA-based hydrogel was used as a biodegradable macroscale 
polymeric scaffold to retain and localise the SenA-loaded GO 
nanocarriers in a vascular microenvironment. SenA was first 
loaded into GO (GO-SenA) via strong π–π and electrostatic 
interactions. Next, GO-SenA was in-situ encapsulated into 
HA-based hydrogel to form GO-SenA-loaded HA hydrogels 
(Figure 1). The physicochemical properties, release kinetics, 
biocompatibility, and efficacy of GO-SenA-loaded HA 
hydrogels were then evaluated in in vitro models. 

Methods

Preparation of graphene oxide nanosheets 

GO were synthesised following the method described in 
previous reports.30, 31 Briefly, dried graphite flakes (1 g, 
Graphene Supermarket®; Graphene Laboratories Inc., 
Ronkonkoma, NY, USA) were dispersed in 50 mL of 

concentrated sulphuric acid (95% w/w) while stirring in an ice 
bath. Potassium permanganate (3 g, > 99%, Sigma-Aldrich, St. 
Louis, MO, USA) was subsequently added into the suspension 
at room temperature (25°C), stirred for 25 minutes, and 
sonicated for 5 minutes, repeating this stirring–sonication 
process for 12 cycles. Distilled water (200 mL) was then added 
to quench the reaction. The suspension was further sonicated 
for 2 hours to obtain GO. The resulting GO was washed using 
the modified Hummers’ method.30, 31 Briefly, hydrogen peroxide 
(20 mL, 30% v/v, Merck-Millipore, Darmstadt, Germany) was 
added into the GO suspension while stirring until no more 
gas was released. The GO precipitates were washed thrice in 
hydrochloric acid (1 M) using centrifugation at 10,060 × g for 
30 minutes followed by distilled water thrice. The final GO 
precipitates were dried in an oven at 40°C for 3 days.

Preparation of drug-loaded graphene oxide 

SenA (Senex Biotechnology, Columbia, SC, USA) and GO 
were added to 3 mL phosphate-buffered saline (PBS; pH 
7.4) and sonicated for 1 hour prior to stirring for 20 hours at 
room temperature protected from light. The product (GO-
SenA) was collected by repeated centrifugation at 15,300 × g  
for 5 minutes and washing with PBS until the supernatant 
became colourless. The resulting GO-SenA was freeze-dried. 
The amount of unbound SenA was determined by measuring 
the absorbance at 323 nm using an ultraviolet-visible (UV-
VIS) spectrometer (Nanodrop 2000; Thermo ScientificTM, 
Wilmington, DE, USA) relative to a calibration curve recorded 
under identical conditions. The SenA-loading efficiency was 
calculated as follows: SenA-loading efficiency (%) = (WfeedSenA − 
WfreeSenA)/ WfeedSenA × 100.

1 Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC, USA; 2 Department of Cell Biology and Anatomy School of 
Medicine Columbia, University of South Carolina, Columbia, SC, USA; 3 Department of Drug Discovery & Biomedical Sciences, College of Pharmacy, 
University of South Carolina, Columbia, SC, USA

Methacrylate hyaluronic acid 
(MeHA) 42 kDa

Senexin A-loaded graphene oxide (GO-SenA)
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Physicochemical properties of graphene oxide and 

drug-loaded graphene oxide

GO and GO-SenA were characterised by UV-VIS 
spectrophotometry, Fourier transform infrared spectroscopy 
(FTIR) (Spectrum-GX, PerkinElmer, Waltham, MA, USA), 
and scanning electron microscopy (Zeiss Ultraplus Thermal 
Field Emission, Carl Zeiss Microscopy GmbH, Jena, Germany) 
using previous protocols.32, 33

Formation of drug-loaded graphene hyaluronic acid hydrogels

Prior to the formation of the GO-SenA-loaded HA hydrogels, 
methacrylate-modified HA polymer at approximately 50% 
modification (50 DM MeHA) was first synthesised following 
our previously-reported methods.32, 33 The GO-SenA was 
dispersed in medium (PBS or Dulbecco’s modified Eagle’s 
medium (DMEM)) at 0.1% (w/v) by sonication for 2 hours. 
Then 50 DM MeHA was added into the GO-SenA suspension 
at a concentration of 3% (w/v). After MeHA was completely 
dissolved in the GO-SenA mixture, 0.5 M dithiothreitol 
(DTT) was added to form the GO-SenA-loaded HA hydrogel. 
For comparative purposes, SenA-loaded HA hydrogels were 
prepared using the same procedures and compositions of 
MeHA, DTT, and SenA as GO-SenA-loaded HA hydrogels, 
but without GO. GO-loaded HA hydrogels were also prepared 
using the same procedures and compositions of MeHA, DTT, 
and GO as GO-SenA-loaded HA hydrogels, but without SenA 
loading.

Gelation time 

GO-SenA-loaded HA hydrogels were prepared following 
a previously-described method using PBS as the medium. 
Gelation time was measured by the vial tilting method.34 
When the sample showed no flow within 20 seconds, it was 
considered to be completely formed hydrogel.

Mechanical properties 

The complex modulus of the GO-SenA-loaded HA hydrogels 
was measured using a DHR-3 rheometer (TA Instrument, 
New Castle, DE, USA) with 12-mm diameter parallel-plate 
geometry and a temperature-controlled Peltier plate. The 
hydrogels were prepared as previously described using DMEM 
as the medium. After gelling, the samples were subjected to 
frequency sweeps (0.1–10 rad/s) at 1% strain amplitude. The 
geometry gap was controlled by axial force at 0.2 N in each run. 

In vitro drug release study

Hydrogel constructs were incubated in a 96-well plate with 
100 µL of release DMEM at 37°C with gentle shaking. At each 
time-point, an aliquot was removed for analysis and replaced 
with fresh DMEM over a time-course of 21 days. The amount 
of released SenA at each time-point was quantified in the 
aliquots by UV-VIS spectrometry (at 323 nm) relative to a 
standard curve of SenA recorded under identical conditions. 
The release kinetics of SenA were analysed using different 
kinetic models for controlled drug delivery systems, including 
zero order, first order, Higuchi, and Korsmeyer-Peppas model 
equations:35

Zero-order release model: Q t = K0t 

First-order release model: ln (100 – Q t) = ln100 − K1t 

Higuchi release model: Q t = Kht 
1/2

Korsmeyer-Peppas model: Q t/Q e = Kt 
n   

where Q t is the percentage of drug released at time t; Q t/Q e  
is the fraction of the SenA released at time t; K0, K1, Kh and 
K represent the zero-order release kinetic constant, the 
first-order release kinetic constant, the Higuchi release 
kinetic constant and the Korsmeyer-Peppas kinetic constant 
incorporating structural and geometric characteristics of 
the hydrogel, respectively; and n is the release exponent, 
indicative of the mechanism of drug release. Namely, the 
case of n ≤ 0.45 corresponds to a Fickian diffusion (diffusion-
controlled drug release; the rate of release is independent of 
the drug concentration in the hydrogels.), 0.45 < n < 0.89 to a 
non-Fickian transport, n = 0.89 to Case II transport (erosion-
controlled drug release), and n > 0.89 to super case II transport 
mechanism. When determining the n exponent, only the 
portions of the release curve where the absolute cumulative 
amounts of drug released at time t ≤ 60% were used.

Vascular smooth muscle cell isolation and culture 

Aortic arches and roots (1.5 cm in length) from male 8-week-old 
C57BL/6J mice (25.0 ± 1.4 g; Jackson Laboratory, Bar Harbor, 
ME, USA) were collected in accordance with the guidelines 
for animal experimentation by the Institutional Animal Care 
and Use Committee, School of Medicine, University of South 
Carolina (animal protocol approval No. 2446-101412-041019; 
approval date: April 10, 2019). The mice were euthanized by 
overdose of carbon dioxide. All experiments were designed 
and reported according to the Animal Research: Reporting of 
In Vivo Experiments (ARRIVE) guidelines.36 The adventitia 
was separated from the aorta under a microscope. The aortic 
vessels were cut into small pieces and enzymatically digested 
for 70 minutes at 37°C with 50% w/v collagenase type 2 
(Worthington Biochemical Corporation, Lakewood, NJ, 
USA) in 10% foetal bovine serum supplemented DMEM (High 
Glucose, GibcoTM, Carlsbad, CA, USA). Subsequently, the 
digestion was quenched by adding ice-cold 10% foetal bovine 
serum-supplemented DMEM. Vascular smooth muscle cells 
(VSMCs) were filtered and pelleted at 300 × g for 8 minutes. 
VSMCs were cultured and incubated in completed medium 
(DMEM high glucose containing 20% foetal bovine serum, 
penicillin (100 U/mL) and streptomycin (100 mg/mL) for 
6–7 days. The medium was changed every 2 days. The purity 
of cultured VSMCs was verified by immunohistochemical 
staining of smooth muscle alpha actin. The cultured aortic 
VSMCs between passages 3–10 in which ~99% of cells were 
positive for smooth muscle alpha actin were used in this study.    

In vitro cytocompatibility 

VSMCs were analysed by CellTiter-Blue (CTB) cell viability 
assay (Promega, Madison, WI, USA) after 24 hours of culture 
in a 96-well plate with GO-SenA-loaded HA or GO-loaded 
HA hydrogels (prepared following the method described 
above) or with cells alone as the positive control. Cell culture 
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medium was replaced with 200 µL of prewarmed medium 
containing 15% CTB and incubated for 2 hours at 37°C with 
5% CO2. Medium containing CTB without cells was used as 
the negative control. The medium containing the metabolite 
of CTB was measured for fluorescence intensity at 560/590 
nm using a SpectraMax M2 Multi-Mode microplate reader 
(Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis

All data are expressed as mean ± standard deviation (SD). The 
differences between groups were analysed by one-way analysis 
of variance followed by Dunnett’s multiple comparison test 
using GraphPad Prism 5.0 (GraphPad Software, San Diego, 
CA, USA, www.graphpad.com). A value of P < 0.05 was 
considered to be statistically.

Results

Preparation of drug-loaded graphene oxide and drug-

loaded graphene hyaluronic acid hydrogels

The goal of this development was to sustain delivery of SenA 
in vitro in the therapeutic concentration range of 3–30 µM 
for 3 weeks or longer. GOs were utilised to directly interact 
with SenA via π–π stacking and electrostatic or hydrophobic 
interactions. In this study, GOs were synthesised from 
graphene flakes and provided a size range of 200 nm–3.5 mm 
based on scanning electron microscopic imaging (Figure 2A). 
The presence of hydroxyl, carbonyl and carboxyl functionalities 
were observed using FTIR. The spectra of GO showed (1) a 
broad characteristic peak at 3600–3200 cm–1 corresponding 

to the stretching vibration of the OH group, (2) strong peaks 
between 1800–1600 cm–1 corresponding to the stretching 
vibration of the C=O carbonyl group, and (3) peaks at 1170, 
1090 and 1050 cm–1 corresponding to the C–O stretching 
vibrations (Figure 2B).31, 37 Additionally, the synthesised GO 
was highly water-soluble, which was considerably different 
from the graphene flakes prior to modification (Figure 2C, 
and D). These results confirmed that the GOs were successfully 
synthesised from graphene flakes. 

After confirming the physiochemical properties of the 
synthesised GO, GO-SenA was generated by stirring SenA and 
GO in PBS for 24 hours at room temperature (Figure 1A). The 
successful attachment of SenA to GO was confirmed by FTIR 
and UV-VIS spectrometry (Figure 3A, and B). Compared 
with SenA and GO, the FTIR spectrum of GO-SenA at 1:3 
loading ratio of GO:SenA showed peaks at 3400, 3100–3010, 
2260 cm–1 (corresponding to stretching bands of amine N–H, 
alkenyl C–H, and nitrile C≡N, respectively, of SenA) and at 
1600 and 900–600 cm–1 (corresponding to the bending band 
and wagging bands of amine N–H from SenA), in addition to 
the weak characteristic peaks belonging to GO. It should be 
noted that the observed characteristic peaks from SenA were 
dominant in the FTIR of GO-SNX due to high SenA loading to 
GO. Additionally, the UV-VIS spectrum of GO-SenA showed 
pronounced absorbance at both 230, and 323 nm, due to the 
absorbance of GO and SNX respectively (Figure 3B). By 
varying the ratios of GO:SenA, SenA was successfully attached 
to GO with almost 100% loading efficiency as confirmed by 
UV-VIS spectrometry (Figure 3C).

Figure 2. Characterisation of the synthesised GO. (A) Scanning electron microscopic image of the synthesised GO 
after sonication for 1 hour. Scale bar: 4 μm. (B) Fourier transform infrared spectroscopic spectrum of the synthesised 
GO. (C) Physical appearances of graphene and the synthesised GO dispersed in phosphate-buffered saline. (D) Physical 
appearances of graphene and the synthesised GO after drying. GO: graphene oxide nanosheet; Gr: graphene flakes.
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The GO-SenA-loaded HA hydrogel was formed by mixing 3% 
(w/v) of MeHA polymer with 0.1% (w/v) of GO-SenA in PBS, 
followed by adding DTT as a crosslinker (Figure 1). Without 
the addition of DTT, the mixture of GO-SenA and HA was 
highly viscous due to the electrostatic interaction (H-bonding). 
Nevertheless, this interaction was not strong enough to create 
a hydrogel. The Michael reaction between the thiol group of 
DTT and the methacrylate group of HA occurred after adding 
DTT, resulting in hydrogel formation.  

Gelation time and mechanical properties of Senexin 

A-loaded graphene hyaluronic acid hydrogels

The gelation time and mechanical properties of hydrogels 
are some of the essential criteria in the development of 
a perivascular drug delivery system. Due to the restricted 
time for which a decellularised vessel can be exposed to 
the environment, the coating application of the hydrogel 
onto a decellularised vessel should be completed within 
approximately 20 minutes. Therefore, the gelation of the 

hydrogel should occur within 20 minutes, and the hydrogel 
must be highly flexible and attachable to the decellularised 
vessel. The gelation times of HA-based hydrogels were first 
screened using varying concentrations of HA and DTT 
(Additional Table 1). Based on the results of this screening 
process, 3% HA was selected as the master formulation 
and GO-SenA-loaded HA formulations with varying 
DTT and GO-SenA concentrations were investigated. 
The results showed that increasing the concentration of 
DTT promoted the gelation process. However, DTT also 
affected the gelation process in different ways depending 
on the concentration of GO-SenA. Specifically, at lower 
concentrations of DTT (2 and 4 µL/100 µL), using higher 
GO-SenA concentration (0.3% (w/v)) prolonged the 
gel formation time of GO-SenA-loaded HA hydrogels. 
In contrast, at a high concentration of DTT (6 µL/100 
µL), using a high GO-SenA concentration led to fast 
crosslinking (8–10 minutes) of a rigid graphene scaffold 
(Table 1, and Additional Figure 1A). 

Figure 3. Preparation and characterisation of GO-SenA. (A) Fourier transform infrared spectra of GO, SenA, and GO-
SenA. (B) Ultraviolet-visible spectra of GO, SenA, and GO-SenA. (C) Loading efficiency of SenA onto GO at different 
weight ratios (n = 3). A.U.: absorbance unit; GO: graphene oxide nanosheet; GO-SenA: Senexin A-loaded graphene 
oxide nanosheet; SenA: Senexin A.

Wavenumber (cm–1)

Table 1.  Gelation times of different GO-SenA loaded HA hydrogels which were determined by the tilting method

Formulation MeHA (%w/v) 0.5 M DTT-Crosslinker (μL/100 μL) GO-SenA (1:3) (%w/v) Gelation time (min)

1 3 2 0.1 35–48

2 3 2 0.3 50–96

3 3 4 0.1 30–35

4 3 4 0.3 40–50

5 3 6 0.1 8–12

6 3 6 0.3 6–10

Note: DTT: dithiothreitol; GO: graphene oxide nanosheet; HA: hyaluronic acid; MeHA: methacrylate modified hyaluronic acid; SenA: 
Senexin A.
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Figure 4. Mechanical properties of the optimised GO-SenA-loaded HA hydrogels immediately after gelation, and 3 
days after gelation. The values are expressed as mean ± SD (n = 3). GO: graphene oxide nanosheet; HA: hyaluronic acid; 
SenA: Senexin A.

The complex modulus of the optimised GO-SenA-loaded 
HA hydrogels was further characterised after gelling and 
subsequently incubating for 3 days. The complex modulus 
of the hydrogels after gelling and 3-day incubation were 
approximately 35 and 100 Pa, respectively, and they were highly 
flexible and soft (Figure 4, and Additional Figure 1B–E). The 
hydrogels were also easily applied in situ to the decellularised 
vessels by the drop-coating technique (Additional Figure 

2). The hydrogels were firmly attached to the vessel scaffolds 
and were stable after storage for 1 day in PBS. Based on these 
results, the hydrogel formulation containing low DTT and 
GO-SenA concentrations was selected as the master recipe for 
subsequent studies.

In vitro drug release of Senexin A-loaded graphene 

hyaluronic acid hydrogels  

In vitro release studies of SenA from GO-SNX-loaded HA 
hydrogels compared to SenA-loaded HA hydrogels were 
conducted to investigate the effect of GO in the hydrogel 
system on SenA release. The result showed that the 2-hour 
burst release of SenA from the GO-SenA-loaded HA was 
considerably slower than that from SenA-loaded HA hydrogels 
(Figure 5A). The release rate of SenA from the GO-SenA HA 
systems remained constant at ~100 µM/d, while the release rate 
of SenA from the SenA-loaded HA hydrogels was considerably 
faster (~250 µM/d) and subsequently slowed down at 5 days 
(Figure 5B, and C). 

In vitro release studies of SenA from GO-SenA-loaded HA 
hydrogels with different loading ratios of GO:SenA were 
further investigated to modulate the release rate of SenA 
within the therapeutic window, ranging from 3–30 µM. It 
was found that increasing the ratio of GO:SenA considerably 
slowed the release rate of SenA (Figure 5D). The 4:1 loading 

ratio of GO:SenA was found to be optimal to sustain the release 
of SenA at ~ 30 µM/d for ~21 days (Figure 5E). A slight dose 
dumping was observed on day 22 due to the degradation of HA 
polymers (Figure 5F).

The release kinetics of SenA from the GO-SenA-loaded 
HA hydrogels were further analysed using different kinetic 
models, including zero order, first order, and Higuchi model 
equations.35 As shown in Additional Figure 3 and Additional 

Table 2, the release of SenA from GO in HA-based hydrogels 
best fitted the first-order kinetics model (R2 ~0.95–0.98), 
where the drug release rate depended on its concentration in 
the hydrogel system. The Korsmeyer-Peppas kinetic model 
was further used to understand the release mechanism of SenA 
from the hydrogel system.38 The mechanism of drug release 
from the Korsmeyer-Peppas model is indicated by the release 
exponent (n). The higher ratio of GO:SenA incorporated into 
hydrogels, the higher the n values observed from fitting data to 
the Korsmeyer-Peppas model. The n values from fitting data 
of the SenA release from GO-SenA HA (4:1), GO-SenA HA 
(1:1), and GO-SenA HA (1:3) hydrogels were 0.5445, 0.3678, 
and 0.2764, respectively. Based on these n values, the release 
of SenA from GO-SenA HA (4:1) hydrogels matched to the 
combination of diffusion and erosion-controlled rate release 
mechanism while the release of SenA from GO-SenA HA 
(1:1) and (1:3) hydrogels fitted to the diffusion-controlled rate 
release mechanism only. 

In vitro cytocompatibility of Senexin A-loaded graphene 

hyaluronic acid hydrogels

Cytotoxicity is one of the properties of biomaterials which 
have important effects for drug delivery. The CTB assay 
results showed no cytotoxicity in VSMCs when cultured with 
GO-SenA-loaded HA hydrogels for 24 hours (Figure 6). 
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Figure 6. In vitro cytocompatibility of GO-SenA-loaded HA hydrogels. (A) Cell viability of vascular smooth muscle cells 
after culturing in primary medium with GO-HA hydrogels or GO-SenA-loaded HA hydrogels or without any hydrogel 
for 24 hours using CellTiter-Blue assay. The data were normalised to the cell viability intensity of cell alone (positive 
control). The values expressed are mean ± SD (n = 3) from two repeated experiments. GO: graphene oxide nanosheet; 
HA: hyaluronic acid; SenA: Senexin A.

Figure 5. In vitro SenA release profiles of GO-SenA-loaded HA hydrogels. (A) In vitro SenA release profiles of GO-SenA 
HA hydrogels compared to SenA loaded HA hydrogels over the first 5 hours of incubation in phosphate-buffered saline 
at 37°C. (B) In vitro SenA release profiles of GO-SenA HA hydrogels and SenA loaded HA hydrogels over 5 days in 
phosphate-buffered saline at 37°C. (C) In vitro cumulative release profile of SenA from GO-SenA HA and SenA-loaded 
HA hydrogels calculated from B. SenA concentration loaded into both GO-SenA HA and SenA-loaded HA hydrogels 
were equal at 10 µmol per hydrogel. (D) In vitro SenA release profiles of GO-SenA HA hydrogels using different loading 
ratios of GO:SenA (1:3, 1:1, and 4:1). (E) In vitro SenA release profiles of GO-SenA HA hydrogels using 4:1 loading 
ratio of GO:SenA. (F) The cumulative release profile of SenA from GO-SenA HA hydrogels shown in E. All values are 
expressed as mean ± SD (n = 3). GO: graphene oxide nanosheet; HA: hyaluronic acid; SenA: Senexin A.

Discussion

Herein, we report on a biodegradable GO-incorporated HA-
based hydrogel that is adhesive to the adventitia of vessel grafts 
and can accommodate and deliver SenA within a therapeutic 
concentration range (3–30 µM) (our unpublished data). The 
biodegradable GO-incorporated HA-based hydrogels were 
prepared through a two-step process: (a) SenA loading onto 
GO surfaces, and (b) in-situ forming GO-SenA-loaded HA 
hydrogels by Michael reaction of thiol from DTT and from 

the methacrylate group on HA polymers. Our study showed 
that SenA was successfully loaded onto GO surfaces at various 
ratios such as 4:1, 2:1, 1:1, 1:2 and 1:3 of GO:SenA with very 
high loading efficiency of over 90%. This high-efficiency 
loading can be ascribed to the strong hydrogen-bond and π-π 
stacking interactions between SenA and GO.39-43 In addition, 
we found that GO-SenA-loaded HA hydrogels 3-day post-
incubation showed higher complex modulus than the gels 
after immediate gelation. This is likely ascribed to the physical 
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interactions (i.e., hydrogen bonding and electrostatic forces) 
of GO and HA occurring post-incubation, leading to higher 
complex modulus of the hydrogel. There was a limit on the 
amount of GO-SenA and DTT that could incorporate into 
this HA-based hydrogel system. Using too high concentrations 
of DTT and GO-SenA led to fast crosslinking of graphene 
scaffold instead of forming GO-SenA-incorporated HA-based 
hydrogels. This is because DTT can serve as the reducing agent 
to reduce GO to a graphene scaffold. 

The release kinetics of SenA from GO-SenA-loaded HA 
hydrogels were highly controllable, and sustained compared to 
SenA released from HA hydrogels. This is due to the strong 
hydrogen-bond and π-π stacking interactions between SenA 
and GO at pH 7.4 that controlled the release of SenA from the 
networks.39-41 Mathematical kinetic modelling revealed that the 
drug release mechanism from GO-SenA-loaded HA hydrogels 
was mainly driven by diffusion and erosion depending on the 
ratio of GO:SenA. Solutes transported from HA-based material 
systems could be driven by diffusion and/or degradation of HA 
under physiological conditions.44, 45 More importantly, due to 
the interaction between the SenA and GO components, the 
SenA release rate could be further controlled by GO in the HA-
based systems. The fast release of SenA (dose dumping) was 
observed between days 18 and 20 prior to the completion of 
SenA release. It is likely attributed to the complete degradation 
of HA network. 

The in vitro assays using VSMCs demonstrated that GO-SenA-
loaded HA hydrogels were biocompatible and degradable,32 

supporting their potential use in vivo. However, the in vivo 
long-term safety of the materials should be considered in 
future studies, particularly with regard to GO. It has been 
reported that single-layer GO sheets were internalised and 
sequestered in cytoplasmic, membrane-bound vacuoles by 
human lung epithelial or fibroblast cells and induced toxicity 
at doses above 20 µg/mL after 24 hours.46 GO, and pristine 
graphene were both recognised by macrophages, leading to cell 
activation and secretion of pro-inflammatory cytokines.47-50 

These effects were dependent on the geometry of the graphene 
used. Larger flakes (~2 µm) provoked a significantly increased 
secretion of inflammatory cytokines by macrophages in vitro 
compared to the smaller flakes (~350 nm).51 Consequently, 
further optimisation of the GO lateral sizes for the long-
term safety of GO-SenA-loaded HA hydrogels should be our 
next development step. Additionally, the pharmacokinetics 
of the release of SenA from GO-SenA-loaded HA hydrogels 
will need to be investigated, and the release kinetics may 
need to be further optimised for in vivo models of vein graft 
transplantation. 

Although many polymeric materials have been investigated 
as perivascular drug delivery systems over the past several 
decades, such as poly(lactic-co-glycolic) acid,52-54 poloxamer,55 

polyvinyl acetate,56 and polyethylene glycol57, 58 materials, no 
efficient perivascular treatment is yet available. Thus far, the 
only product to successfully undergo phase III clinical trial 
is SirogenTM, a sirolimus-eluting collagen wrap for use on 
patients on haemodialysis. Developing an effective perivascular 

drug delivery system is highly challenging due to its complex 
requirements. Specifically, the perivascular drug delivery 
systems must provide appropriate mechanical properties that 
ensure system localisation, prolonged retention, and adequate 
vascular constriction. More importantly, the release kinetics 
of pharmacological agents should match the development of 
the pathology. Given that the physicochemical properties of 
these GO-HA-based hydrogels are easily and highly tunable 
through chemical functionalisation of either HA32, 33 or GO, we 
envision that GO-HA-based hydrogels could be a promising 
perivascular drug delivery platform for the treatment of 
vascular diseases. 

In summary, this study demonstrated that GO-SenA-loaded 
HA hydrogels provided sustained delivery of SenA and 
exhibited good efficacy with high biocompatibility in vitro. 
Considering that longer implantation times will be required 
for the applications, the in vitro degradation time, mechanical 
properties, and cytotoxicity of GO-SenA-loaded HA hydrogels 
at longer incubation times should be investigated in the future 
study. Additionally, several aspects may need to be considered 
prior to moving forward this technology into clinical practice, 
including the in vivo pharmacokinetics and efficacy in 
inhibition of occlusive vascular remodelling and short-term 
and long-term safety of the biomaterial. The versatility of 
this technology also makes it attractive as a perivascular drug 
delivery platform for the treatment of vascular diseases. 
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