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ABSTRACT

Introduction: It is widely acknowledged that cardiovascular diseases (CVDs) continue to be the leading
cause of death globally. Furthermore, CVDs are the leading cause of diminished quality of life for
patients, frequently as a result of their progressive deterioration. Medical implants that release drugs
into the body are active implants that do more than just provide mechanical support; they also have a
therapeutic role. Primarily, this is achieved through the controlled release of active pharmaceutical
ingredients (API) at the implementation site.

Areas covered: In this review, the authors discuss drug-eluting stents, drug-eluting vascular grafts, and drug-
eluting cardiac patches with the aim of providing a broad overview of the three most common types of cardiac
implant.

Expert opinion: Drug eluting implants are an ideal alternative to traditional drug delivery because they
allow for accurate drug release, local drug delivery to the target tissue, and minimize the adverse side
effects associated with systemic administration. Despite the fact that there are still challenges that need
to be addressed, the ever-evolving new technologies are making the fabrication of drug-eluting
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implants a rewarding therapeutic endeavor with the possibility for even greater advances.

1. Introduction

Cardiovascular disease (CVD), which encompasses a broad spec-
trum of conditions affecting the heart, cardiac tissues, and support-
ing vessels, and is the primary cause of mortality and morbidity
across the globe [1,2]. The World Health Organization (WHO)
reports that CVD claims 17.9 million lives annually across the
globe [3]. The most prevalent type of CVD is known as coronary
artery disease (CAD), with peripheral artery disease (PAD) a sec-
ondary major public health concern worldwide [4]. It is believed
that around 22% of the individuals who have CAD also suffer from
PAD. This high degree of association between PAD and CAD is well
documented [5]. As cholesterol levels rise in the body, lipids, such
as low-density lipoproteins, build under the endothelium layer of
the arterial wall, marking the onset of atherosclerosis [6]. As pla-
ques accumulate in the peripheral arteries, blood flow is reduced
to the body’s extremities. This results in low-level tissue hypoxia,
impaired endothelial function of the blood vessels, inflammation,
and oxidative stress [7]. Preventative interventions are often
advised to be implemented early in life since risk factors for
CVDs, such as atherosclerosis, begin to manifest at a young age.
It is therefore crucial to focus more on adopting good lifestyle
behaviors such as regular appropriate exercise, balanced dietary
habits, and through reducing exposure to respiratory pollutants
such as tobacco smoke [8]. Both CVD and PAD exhibit similar
pathological progression, which, accompanied with their asso-
ciated morbidity and mortality rates, has prompted significant

pressure to treat patients to prevent decline. Pharmacotherapy
and surgical interventions are most common, with coronary artery
bypass grafting and bypass graft surgery and percutaneous endo-
vascular therapies such as balloon angioplasty or stenting com-
mon management strategies [9,10]. This review will outline drug-
eluting medical implants used to treat CVD. The three main types
of drug-eluting implants described in the literature for this purpose
are as follows: drug-eluting stents, vascular grafts, and cardiac
patches.

Drug eluting stents are implanted using percutaneous inter-
ventions (PCl). PClis a technique that is used in the treatment of an
expanding range of these diseases and was initially performed
with balloon angioplasty alone [11,12]. Original procedures
involved expanding a balloon of low burst pressure within the
artery, and subsequently removing it once the artery lumen had
been mechanically opened [13]. This type of intervention was first
performed in 1977 by Dr. Andreas Griintzig [9]. However, after
plain balloon angioplasty, it was observed that up to 10% of the
patients experienced vascular recoil post-intervention. Moreover,
up to 30% of the patients who underwent balloon angioplasty
suffered restenosis in less than 6 months post-intervention [14,15].
To address this issue, bare-metal stents (BMS) were developed to
prevent blood vessel recoil [15]. Stents were designed to maintain
the patency of blood vessels, and their superior performance over
balloon angioplasty has been demonstrated [16,17]. However,
despite its success, up to 30% of the patients treated with bare-

CONTACT Juan Dominguez-Robles @ jdominguez6@us.es @ Department of Pharmacy and Pharmaceutical Technology, University of Seville, Seville, Spain;
Eneko Larrafeta @ e.larraneta@qub.ac.uk e School of Pharmacy, Queen’s University Belfast, Belfast, UK

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.
The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-2651-7839
http://orcid.org/0000-0002-0766-4147
http://orcid.org/0000-0002-8654-8434
http://orcid.org/0000-0003-3710-0438
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17425247.2023.2190580&domain=pdf&date_stamp=2023-05-04

508 M. ADHAMI ET AL.

Article highlights

e When it comes to the treatment of chronic conditions, drug-eluting
implants have the ability to provide uninterrupted, long-acting sys-
temic delivery of a wide variety of medications.

¢ Investigation on the use of drug-eluting implantable devices for the
treatment of cardiovascular diseases has taken place throughout the
last several years. The three main types of drug-eluting cardiac
implants - drug-eluting stents, drug eluting vascular grafts, and
drug eluting cardiac patches — are explored in great detail through-
out this review.

¢ Drug eluting stents, which have recently attracted interest, are clini-
cally available and have both laboratory and clinical trials. The studies
imply that these implants prevent restenosis. Long-term restenosis
outcomes are improved by new biodegradable stent technologies.

¢ Thrombosis and intimal hyperplasia are two conditions that may be
treated with drug-eluting vascular grafts. These grafts, along with
their recent advancements, have been addressed both as an alter-
native to autologous veins and as a viable treatment for these
conditions.

o It has been discussed that cardiac patches could be used to effec-
tively regenerate heart tissue in patients undergoing treatment for
cardiac illness. Drug-eluting cardiac patches can mimic the natural
process of heart tissue regeneration.

metal stents suffer from in-stent restenosis. A potential solution for
this is to incorporate drugs within the surface of this type of
medical device. Interestingly, there is an alternative to balloons
and drug-eluting stents: drug-coated balloons [18]. This type of
device is used to administer anti-proliferative drugs into the vessel
walls to prevent restenosis. However, this type of system will not
be discussed in this review as they are not implantable devices and
rather constitute a transient application.

In addition to PCl, blocked blood vessels can be treated
using vascular grafts [19]. Normally, autologous arteries or
veins are used to achieve this [20-22]. However, in some
cases, it is not possible to collect or use autologous grafts
for this aim [23]. An alternative to autologous vessels is the
use of synthetic vascular grafts [24,25]. This type of device has
been successfully used to replace the larger blood vessels [26].
However, the use of small-diameter vascular grafts (less than 6
mm of internal diameter) could be potentially problematic
[27,28] as they tend to block due to intimal hyperplasia or
thrombosis [29]. Again, a potential solution to this is the use of
drug-loaded vascular grafts [30-35]. The last type of implan-
table devices that are used to administer sustained treatment
to CVD is cardiac patch. These systems are implanted into the
surface of the heart to promote tissue regeneration and main-
tain cardiac function, following myocardial infarction (Ml) [36].

This review will cover current developments in the area of
drug eluting medical devices for the treatment of CVD. The
vast majority of the literature is concentrated on drug eluting
vascular stents. The development, however, of drug-eluting
vascular grafts and cardiac patches is growing. These three
types of drug eluting implantable devices will be discussed in
this review.

2. Drug eluting stents

Cardiovascular BMS is implanted during PCl to maintain the
patency of blood vessels. It is estimated that stent placement
takes place in more than 90% of the PCl interventions [12].

However, despite its proven efficacy, up to 30% of the patients
treated with this type of medical device experience restenosis
during the first 6 months after the PCI [14].

BMS are commonly made from stainless steel, cobalt chro-
mium, or other strong, corrosion-resistant alloys [37]. However,
these have been associated with adverse outcomes. Stent
restenosis, the ‘enemy of interventional cardiologists,’ is the
narrowing of stent lumen diameter post-PCl and is reported to
occur in between 20% and 30% of patients treated with BMS
[11,38,39]. A key process leading to in-stent restenosis is
neointimal hyperplasia, which results from an exaggerated
inflammatory response to stent placement due to continuing
injury. Continued injury results in the proliferation of vascular
smooth muscle cells (VSMCs). Clinical consequences of in-stent
restenosis are the return of anginal symptoms or acute cor-
onary syndrome. This leads to the need for re-PCl or for
coronary bypass surgery [38]. To improve on these outcomes,
several inorganic coatings have been tried, including titanium-
nitride-oxide layering, diamond and carbon coatings, and iri-
dium oxide coatings. Unfortunately, these coatings did little to
improve outcomes [37]. Advancements in the field in the
1990s led to the production of drug-eluting stents (DESs),
which has decreased the risk of restenosis to less than 10%
and, therefore, drastically reduced the need for re-intervention
[12,38,40]. The DES was originally designed by coating stan-
dard BMS, with a polymer coating containing an anti-prolif-
erative agent to inhibit the proliferation of VSMCs [12,41].
Clinical use of these stents indicated that DES carried a higher
risk of late (up to 1year) and very late (beyond 1 year) throm-
bosis and restenosis, presenting a significant safety concern
[42]. The indiscriminate nature of the anti-proliferative drugs
within DES is thought to be an important factor in these
outcomes as they prevent not only the proliferation of
VSMCs but also endothelial cells (ECs). The EC layer tradition-
ally exerts a protective function through the production of
nitric oxide by an enzyme, nitric oxide synthase, from L-argi-
nine. Nitric oxide is a potent inhibitor of platelet aggregation
through antagonism of the thromboxane A, receptors, there-
fore playing a role in blood coagulation. It was also found to
inhibit the proliferation of VSMCs in animal models, an impor-
tant consideration in the process of neointimal hyperplasia.
Further, nitric oxide, along with other substances produced by
ECs plays an essential role in the regulation of vascular tone
[43]. Inflammatory responses to polymers used have also been
implicated in thrombosis and restenosis [42]. Several adapta-
tions to this initial design were made for second- and third-
generation DES in an attempt to overcome the increased risks.
These included using new drugs, alternative polymer selec-
tions, and consideration of the scaffold designs. To date,
selective therapeutics for VSMCs over ECs are being pursued,
and so current research is focusing on overcoming these
limitations [14].

2.1. Coated DES

The vast majority of the commercially available DES is com-
posed of a metallic stent coated with drug-containing formu-
lations [44]. There are a wide range of industrially available
methods to achieve surface deposition of drug loaded



formulations on the stent surface [44]. As mentioned before,
the vast majority of the literature describing drug eluting
medical devices for CVD treatment are focused on DES.
These works cover a wide variety of aspects from fundamental
manufacturing aspects to clinical applications. The following
sections will describe DES that rely on coatings in order to
load drugs onto the device.

2.1.1. First generation DES

First-generation DES is typically BMS coated with non-biode-
gradable polymers with a thick strut that elutes sirolimus or
paclitaxel. Figure 1 shows a diagram summarizing first-genera-
tion DES characteristics, materials, and drug loadings. The
Cypher™ stent contains 140 mcg/cm? of sirolimus in a polymer
matrix of poly(ethylene vinyl acetate) and poly(-n-butyl
methacrylate) [46,47]. Sirolimus, along with the other ‘limus’
drugs, are a group of immunomodulators that inhibit the
MTOR pathway causing arrest of the cell cycle in GO/G1 phases
of the cell cycle in a cytostatic manner [48]. The Taxus™ stent
contains paclitaxel at a concentration of 1T mcg/mm? in a poly
(styrene-b-isobutylene-b-styrene) matrix [47]. Paclitaxel is a
microtubule stabilizing agent that arrests the cell cycle primar-
ily in the M phase [48]. Although a vast improvement in rest-
enosis rates was achieved, the non-bioresorbable polymers in
the first-generation DES were implicated in initiating inflam-
matory responses. This triggered safety concerns regarding
late restenosis and thrombosis [49]. Furthermore, the thick
strut present in the first-generation stents limited the delivery
of drugs from the stent [50]. The presence of thick struts, as in
first-generation DES, has been positively correlated with an
increased risk of a hyper-inflammatory response leading to
thrombosis and restenosis [51]. The presence of a thick strut
causes downstream changes in the blood flow resulting in
areas of low endothelial shear stress. These areas promote
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the proliferation of VSMCs, the attraction of inflammatory
cytokines, and the activation of platelets in the production of
cytokines [52].

2.1.2. Second generation DES
Second-generation DES is also coated with non-bioresorbable
polymers but have a thinner strut and contain everolimus and
zotarolimus (Figure 2) [49,53]. The polymers used were bio-
compatible and exhibited reduced pro-inflammatory
responses [50,54]. The second-generation DES also contained
newer antiproliferative drugs (everolimus and zotarolimus),
which exhibited improved release kinetics [55]. The coating
of these devices is normally made from poly(vinylidene fluor-
ide-co-hexafluoropropylene) and poly(n-butyl methacrylate).
The efficacy of these systems was evaluated in different clinical
trials. The SPIRIT Il trial aimed to draw a comparison between the
Xience V® (2" gen DES loaded with everolimus) and Taxus
Express® (1° gen DES loaded with paclitaxel) platforms. At the 5-
year follow-up, this study demonstrated a significant reduction in
cardiac mortality in the Xience V® (2" gen DES loaded with ever-
olimus) platform along with a sustained reduction in cardiac death
(CD), MI, and ischemia-driven target lesion revascularisation (TLR)
rates [56]. The SPIRIT IIl trial, a larger randomized controlled trial,
further confirmed these findings at 5 years follow-up post-inter-
vention. It identified a significant reduction in target lesion failure
rates (TLF) (encompassing CD, target vessel MI, and ischemia-
driven TLR) and major adverse cardiac events (including CD, M,
and ischemia-driven TLR) between the Xience V® and Taxus
Express® stents. However, the 5-year post-intervention follow-up
of SPIRIT lll found no superiority in the Xience V® stent for M, stent
thrombosis, and ischemia-driven TLR [57]. A two-year follow-up of
a larger-scale study, SPIRIT IV, concluded that there was a signifi-
cant reduction in TLF, which included CD, target vessel MI, and
ischemia-driven TLR, as well as in thrombosis rates and all-cause Ml
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Figure 2. Characteristics of nd generation DES: structure (a), materials (b), properties (c), drugs (d) and design (e). Reproduced with permission from Hassan et al. [45].

between the Xience V® and Taxus Express® stents [58]. The 5-year
post-intervention follow-up for the RESOLUTE-all corners trial com-
pared the Resolute® (2" gen DES loaded with zotarolimus) to the
Xience-V® stent and found no significant difference in patient-
related outcomes (all-cause mortality, Ml, and all-cause revascular-
isation), device-related outcomes (CD, target vessel MI, and clini-
cally indicated TLR), major adverse cardiac events (all-cause death,
MI, emergency coronary bypass, or clinically indicated TLR), and
stent thrombosis rates [59].

2.1.3. Third generation DES
The use of non-bioresorbable polymers in the first- and sec-
ond-generation stents is correlated with an increased risk of
late thrombosis compared to the original BMS. The non-bior-
esorbable polymers delay the healing of arteries and cause
pro-inflammatory and hypersensitivity reactions [49,60-62].
The use of bioresorbable polymer coatings on metal stents
indicated the beginning of third-generation DES, which aimed
to overcome these issues [49,61]. Once the drug has been fully
eluted and anti-proliferative effects gained, the polymer coat-
ing on the metal stents fully degrades leaving essentially a
BMS (Figure 3). This allows for re-endothelialisation and there-
fore reduces the risk of inflammatory reactions [60,61].
Biomatrix®, Nobori®, Axxess®, Supralimus®, Infinnium®,
Biomine®, Orsiro®, Desyne®, Synergy®, Mistent®, FireHawk®, and
bioMime® are all third-generation DES that have CE markings,
showing they meet the standards required by the European eco-
nomic area [64-68]. The third-generation stents appear compar-
able to durable polymer-coated stents in many trials. However,
there may be some benefit in preventing stent thrombosis, how-
ever longer-term studies are still needed to confirm this [61].

The Synergy® stent platinum-chromium alloy platform is coated
with poly(lactic co-glycolic acid) loaded with everolimus [61].
Everolimus is eluted from the stent over approximately 90 days,
with complete polymer degradation occurring after 120 days post-
implantation [69]. The efficacy and safety of the Synergy® stent, in
comparison with the durable polymer DES, were largely estab-
lished through the EVOLVE trials [70]. EVOLVE was the original trial
comparing TLF rates (encompassing CD, target vessel MI, and
clinically indicated TLR) at 30 days to the Promus® stent () [71].
The 5-year follow-up to the EVOLVE trial concluded non-inferiority
in the TLF rates [72]. The EVOLVE |l clinical trial had a primary
endpoint of non-inferiority between the Synergy® (3" gen DES
loaded with everolimus) and Promus® stents (2" gen DES loaded
with everolimus) of TLF rates (encompassing ischemia-driven TLR
and Ml in the target vessel and death related to the target vessel).
The original study found no significant difference between the two
stents. The 5-year follow-up, published in 2019, sustained these
findings and indicate no significant difference in any of the indivi-
dual outcomes assessed within TLF rates [69].

The Orsiro® stent consists of three layers. The innermost cobalt
chromium platform is covered by a thin coating of silicon carbide
to reduce the allergic reaction caused by metal ions being in
contact with blood and vessel walls. Finally, the rate-controlling
poly-L-lactic acid (PLLA) matrix contains the anti-proliferative drug
sirolimus. The thickness of this rate-controlling polymer layer is
thicker (7.5 um) on the abluminal side in comparison to the luminal
side (3.5 um). PLLA undergoes a hydrolytic reaction, with drug
elution occurring for 12-14 weeks post-implantation. The Orsiro®
stent was evaluated against the Xience® (2" gen DES loaded with
everolimus) stent in the BIOFLOW trials. BIOFLOW I, a randomized
controlled ftrial, assessed late lumen loss (LLL) as a primary



(a)

(10 um)
Polymer + Drug

\NA

(15 um)

(80 pm)

Biomatrix Alpha Il _ Uttimaster NI vukonPC NN orsio I Syneroy

Polymer + Drug

)

EXPERT OPINION ON DRUG DELIVERY e 511

(7 pum)
BioLute= Polymer + Drug

(5 um) (5.6 um)

Polymer + Drug

Ly

(80 nm)
proBio

f

(120 pm) CoCr Platform (87 pm) (60 um) (81 pm)
Stainless steel Platform SS/CoCr Platform CoCr (L605) Platform PtCr Platform
b rd H
(b) [ (c) Hy Hs (d) P nartie 34 Generation DES
T8 o O—CH— C—0—CH—C (Polymer coated)
N & PG ¢! I Il Platform $S, CoCr, PtCr
:3\ o O -\ o =4 n
AN { Strut thickness 120-60 pm
B e
o~ o " Polymer coating thickness <15um
o
NN
Y HO‘EU\\/ }B]/\OJ: Polymer type Degradable
Y LG - ' Biomatrix alpha, §
e MRS o iomatrix alpha, Synergy,
L m vz Orsiro, Ultimaster
Everolimus -
_ Orsiro
i bW )

Neolntima
After 3-4 months

Figure 3. Characteristics of 3" generation DES: structure (a), drugs (b), materials (c), properties (d), design (e) and polymer degradation after DES implantation (f).
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endpoint and after 9 months showed non-inferiority compared to
the Xience® stent. The BIOFLOW VI trial also concluded that, at 9
months, LLL was non-inferior to the Xience® stent [73]. The
BIOFLOW IV trial compared TVF rates (includes CD, Q-wave or
non-Q-wave MI, emergency coronary artery bypass, or clinically
driven target vessel revascularisation) of the Orsiro® stent to the
Xience® stent (2" gen DES loaded with everolimus) and concluded
that it was comparable [73,74]. Moreover, TLF rates (a combination

of cardiac death, Ml in the target vessel, and clinically indicated
TLR) of the Orsiro® stent were assessed in the 5-year follow-up to
the BIOFLOW Il trial and BIOFLOW V trials compare to those of the
Xience® stent (2" gen DES loaded with everolimus) at 60 and 12
months, respectively [73,75]. The 5-year follow-up of the BIOFLOW
Il study concluded non-inferiority. Promising results were obtained
in the BIOFLOW V trial as superior rates of TLF rates were found at
12months and the statistical significance of these results was
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increased as the authors of BIOFLOW V included results from the 5-
year follow-up of BIOFLOW Il in a Bayesian analysis [73].

2.1.4. Dual-DES

Dual DES has been designed to overcome delayed re-endothelia-
lisation, restenosis, and thrombosis associated with DES. Several
drug combinations have been used including combinations of
anti-proliferatives, anti-inflammatories, anti-thrombogenics, and
immunosuppressants. The Cilotax® stent contains a combination
of cilostazol and paclitaxel [76,77]. Cilostazol has antiplatelet
effects as well as anti-proliferative effects on VSMCs. The effect of
this was evaluated in a small trial with the Taxus® stent. The study
showed promising results: late in-stent loss and restenosis were
significantly lower in the Cilotax® group and thrombosis did not
occur in either group [78]. Other drugs which promote the re-
endothelialisation of the stent have also been included in dual-DES
in order to prevent thrombosis associated with anti-proliferative
DES [76]. Further, the inhibition of EC is implicated in late restenosis
seen with DES as an endogenous substance produced by ECs,
nitric oxide, and inhibits VSMC proliferation [43]. One such exam-
ple is the incorporation of estradiol into a sirolimus-containing
stent [76,77]. Estradiol exhibits a number of vasculoprotective
effects by inhibiting VSMCs proliferation and promoting EC pro-
liferation. The ISAR-PEACE randomized control trial sought to eval-
uate the effect of this compared to a sirolimus-only DES but failed
to prove any benefit [79]. The Combo® stent, which has obtained
CE marking in Europe, is a polymer-free DES coated with sirolimus
and CD34+ antibodies [77,80]. The stent used ‘capture technology’
for endothelial progenitor cells, which bind to CD34+ antibodies
and rapidly re-endotheliase the stent surface [81]. Pooled analysis
of one-year post-intervention outcomes from the MASCOT and
REMEDEE trials concluded that the safety profile of the combo
stent was, ‘excellent’ in comparison to some of the newer DES. A
comparative study between Orsiro® (3" gen DES loaded with
sirolimus) and Combo® stents (dual-DES loaded with sirolimus
and antibodies), the SORT OUT X trial [82].

This trial suggested that Orsiro® performance was superior
to the Combo® stent. The latter was associated with a higher
risk of the revascularisation of the target lesion.

In addition to the dual-DES used clinically, researchers are
currently developing new types of dual-DES [76,77]. Wang et
al. described the use of an electrospinning coating technique
to add sirolimus and an antioxidant molecule, 4-hydroxy-
2,2,6,6-tetramethylpiperidine 1-oxyl, to the surface of metal
stents [83]. The combination of sirolimus and the antioxidant
showed rapid endothelialisation in a porcine animal model.
Moreover, the resulting dual-DES showed anti-stenoic effects.
Alternative approaches have also been described such as the
use of sirolimus combined with a coating capable of releasing
nitric oxide. This compound has proven to be effective in
promoting arterial healing [84]. For this purpose, Zhang et al.
developed a new coating containing sirolimus and immobi-
lized bivalirudin using a network of epigallocatechin gallate
and copper ions [84]. This coating was capable of generating
nitric oxide. In vivo results using an animal model suggest that
this DES prevented restenosis while promoting endothelial
regeneration.

2.1.5. Triple DES and MicroRNA (miRNA) delivery systems
Triple DES contains three different active compounds. A good
example of this type of devices was proposed by Hu et al., who
produced a triple DES by spraying multiple atomized layers
onto a BMS. The first ultrasonically atomized layer sprayed
onto the BMS was hydrophilic chitosan containing SZ-21, a
monoclonal antibody against platelet aggregation, and vascu-
lar endothelial growth factor (VEGF), a proangiogenic factor
that promotes endothelialization. The second hydrophilic layer
contained PLLA and sirolimus to prevent hyperplasia of the
arterial walls. The authors report a good release profile, good
hemocompatibility, and anti-inflammatory properties [85].
Similarly, Cheng et al. described a triple DES loaded with
heparin as the anticoagulant, VEGF, and sirolimus [86]. These
compounds were coated into a BMS using a combined methy-
lacrylated gelatin-poly(ethylene glycol)/poly(caprolactone)
matrix. In vitro tests showed sustained release of heparin-
VEGF and sirolimus. Moreover, the resulting stents showed
anticoagulant properties. Finally, the efficacy of this type of
device was tested using a rabbit animal model reduced in
stent restenosis.

The current drugs used in DES are indiscriminate between
VSMCs and EC. To overcome these shortcomings, microRNA-
based therapy has been investigated to allow the proliferation of
EC and selectively hindering inflammatory cells and VSMCs [14].
miRNA-21, miRNA-146, miRNA-221/222, miRNA-424, and the
mMiRNA17-92 cluster have all been identified as upregulated fol-
lowing implantation of stents and promotes the proliferation of
VSMCs. The proliferation of VSMCs plays a vital role in stent neoin-
timal hyperplasia and, therefore, restenosis formation. Further,
miRNA-126 and miRNA-92a, which are both involved in EC prolif-
eration, are both downregulated in response to stent placement
[87]. Santulli et al. designed an adenoviral vector that would allow a
selective proliferation of EC and not VSMCs if delivered via a stent.
The vector encoded P27, a cell cycle inhibitor, and four comple-
mentary sequences of miRNA-126-3p, which is highly expressed in
ECs and regulates vascular integrity and angiogenesis. Therefore,
when present in ECs, the overexpression of P27 should not take
place due to complementary base pairing with endogenous mi-
RNA126 resulting in degradation or inhibition of translation, as it
does in VSMCs. The authors noted that during two- and four-week
post-implantation into an animal model, complete re-endothelia-
lisation, reduced restenosis, hypercoagulability, and restoration of
the vasodilatory response to the neurotransmitter acetylcholine
occurred [88].

2.2. Other types of DES

As an alternative to metallic stents coated with drug containing
formulations, polymeric stents have been developed. Stents can
be manufactured using a wide variety of polymers, but normally
they are prepared using bioresorbable polymers such as poly(lactic
acid), poly(caprolactone) or poly(lactic-co-glycolic acid). In this way,
the polymer can be combined with the drug to form a drug loaded
matrix. The stent can be prepared using micro-injection molding
techniques or using laser cutting [89]. In addition to these types of
technologies, the use of 3D printing for DES manufacturing is



gaining attention due to its versatility [89]. However, most of the
studies describing the use of 3D printing for stent manufacturing
do not include the drug within the matrix but rather coated at the
surface of the device.

2.2.1. Biodegradable DES

The use of biodegradable DES offers several advantages over
conventional stents. The presence of metals or polymers in the
blood vessels can initiate an inflammatory response, prevent heal-
ing, and can cause endothelial dysfunction. These outcomes have
been linked to the late thrombosis restenosis occurrence in DES
[42]. Furthermore, loss of vasomotion, problems in revascularisa-
tion of the target vessel, and stent fracture can all occur [54]. Non-
bioresorbable stents also limit the use of magnetic resonance
imaging, whereas bioresorbable seems to be compatible with
MRI and computed tomography imaging, which can hold an
important place in diagnostics [54,90]. The use of bioresorbable
stents also allows for the recovery of vasomotion, an important
process in tissue perfusion, and the possibility of positive remodel-
ing [91,92].

Four of the bioresorbable stents currently comply with
European legislation and have received the CE marking; the
DeSolve® Novolimus®, Fantom®, ART®, Fortitude®, and Magmaris®
stents [93,94]. The Absorb® BVS 1.1 had previously gained its CE
marking but was pulled from the market in 2017 due to potential
safety concerns [94,95]. There have been several randomized con-
trolled trials assessing the Absorb® stent: ABSORB I-IV, ABSORB
CHINA, ABSORB JAPAN, and AIDA. A pooled analysis of the results
has been performed, and it concluded that the BVS arm of the
studies was more at risk of target vessel failure and device throm-
bosis [94]. Reva developed the Fantom® sirolimus-eluting stent
whereby 60% of the sirolimus contained is released within 30
days post-implantation. The scaffold degrades over 36-48 months.
The FANTOM |l trial found the LLL in the Fantom?® stent after 6
months to be comparable with ‘contemporary metallic DES’ and
also with other bioresorbable stents. Furthermore, the study
revealed major adverse cardiac events (CD, MI, and clinically
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indicated TLR) rates of between 2.6% and 2.8% at 6 months com-
pared to rates of 3-5% with other bioresorbable stents [96]. The
ART Pure Resorbable Scaffold® stent is completely bio-absorbed
within 18 months. The stent has been evaluated in the ARTDIVA
trial, a single-armed first-in-man study; however, no official results
are published [54,93,971. The Desolve® stent contains novolimus of
which 85% is released over 4 weeks and fully resorbed over 2 years
[98]. A 2-year follow-up to the first in man study for the Desolve®
stent reported a LLL equal to that of current bioresorbable stents
and DES along with equal efficacy to the Absorb® stent but with a
quicker resorption time allowing for positive vessel remodeling
[99]. Approximately 95% of resorption of the Magmaris® bioresorb-
able scaffold occurs within 12 months [100]. The Magmaris® stent
first in man study was the BIOSOLVE Il trial. The three-year out-
comes report TLF and clinically indicated TLR rates similar to those
obtained with the Xience® stent and no incidences of thrombosis
were reported [101]. Although bioresorbable stents, in theory, offer
numerous advantages over DES, the clinical trials conducted have
presented mixed results and there is a lack of comparative trials
with other generation stents [102].

3. Cardiovascular grafts

Coronary artery bypass graft surgery (CABG) is one of the most
common treatments for CVDs. It is performed to restore blood flow
and oxygen delivery by rerouting blood around restricted or
obstructed arteries. A blood vessel is taken from one section of
the body and linked to the coronary artery above and below the
constricted area in order to restore blood flow to the heart.
Vascular grafts are used extensively across the globe, with many
surgeons’ preferred graft for the majority of vascular bypass sur-
geries being autologous vascular tissue. The merits of autologous
tissue include a live, non-thrombogenic endothelium, being bio-
compatible, and good surgical handling properties. The use of
autologous arteries, such as the radial artery, internal thoracic
artery, and saphenous vein, is considered to be the gold standard
for CABG surgery [103]. On the other hand, a significant number of
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Figure 4. Dacron vascular grafts: woven structure (a) and knitted structure (b). Reproduced with permission from Singh et al [105].



514 M. ADHAMI ET AL.

patients lack appropriate donor tissue because of a preexisting
illness or tissue removal from prior procedures. In these situations,
surgeons should use artificial vascular conduits like poly(ethylene
terephthalate), also known as Dacron® or expanded poly(tetra-
fluoroethylene) (ePTFE) also known as Gortex® [104]. Figure 4
shows an image of Dacron vascular grafts showing different struc-
tures. Even though Dacron® and Gortex® grafts are readily available
and have been shown to be effective in clinical settings for some
applications, there is still a lot of potential for improvement. The
outcomes of using synthetic vascular grafts to bypass small-sized
arteries (less than 6 mm in diameter) have been consistently dis-
mal, with reported patency rates of just 40% after 6 months and
25% after 3 years [106]. These smaller conduits cannot be used in
CABG or distal lower limb revascularisation treatments because
they are more likely to fail as a result of secondary clot formation or
intimal hyperplasia. To prevent restenosis and neointimal hyper-
plasia, anti-migratory and antiproliferative were administered sys-
temically; however, this did not result in effective clinical
outcomes. Due to these problems associated with bypasses, incor-
poration of drug into grafts providing a local delivery system is
necessary as it is without systemic side effects and provides safe
delivery of the drug to treat CVD. Ideal vascular graft systems
would prevent pathologies such as neointimal hyperplasia and
thrombosis but also allow endothelialisation to occur. Given the
prevalence of vascular disease, it is evident that a small-diameter
vascular graft with outcomes that are on par with those of auto-
logous vessel bypass surgeries is needed.

Vascular grafts have been extensively described in the litera-
ture, and they are currently being used to treat patients. The use of
drug-eluting vascular grafts, however, is not as extended. This area
of research is gaining momentum, and multiple publications can
be seen focusing on new manufacturing methods for this type of
device. This section summarizes the recent progress in the devel-
opment of drug eluting small-diameter vascular grafts. In addition,
it provides an overview of the two different popular techniques
that are being used to fabricate such vascular grafts. The majority
of these works are focused on optimizing manufacturing condi-
tions and in some cases testing these devices using animal models.
These manufacturing techniques include electrospinning and 3D-
printing.

Electrospinning is a versatile technology that can yield nanofi-
ber material. With electrospinning, it is possible to manufacture
interconnected structures that are porous with desirable

characteristics such as desirable morphology, high permeability,
and a high surface-to-volume ratio. It is one of the most promising
manufacturing methods for producing polymeric matrices that
resemble the extracellular matrix organization, such as blood ves-
sels [107]. Important tailorable parameters in electrospinning
include polymer selection (molecular weight), solvent and solution
concentrations and viscosity, applied voltage, flow rate, Taylor
cone-to-collector distance, collector design, and environmental
conditions like humidity, temperature, and air velocity. Specific
selection and optimization of each of these are needed to ensure
the final product meets the desired target profile [107]. By optimiz-
ing the process parameters, a fabric may be produced from dry
polymer fibers with diameters ranging from 50 nm to 20 pym,
which is smaller than those produced by the vast majority of
currently known fiber spinning methods [108]. One of the limita-
tions of this manufacturing method is that, in some cases, the use
of organic solvents is required. The use of these solvents could
present toxicity issues and therefore residual solvent content in
vascular grafts prepared using this technique should be
monitored.

In a study carried out by Nourozi et al., the researchers devel-
oped a bi-layered vascular graft that was loaded with heparin and
was constructed of poly(caprolactone) (PCL) and gelatine [109].
These bi-layer vascular grafts were prepared by electrospinning
and freeze-drying technology. Their mechanical strength was
determined to be comparable to that of the coronary artery.
Moreover, according to this study’s findings, the addition of
heparin led to an improvement in the attachment of endothelial
cells and a reduction in the number of activated platelets [109].

In a separate study, Hu and colleagues investigated the use of
electrospun PCL/collagen/elastin-based conduits as vascular grafts
loaded with heparin and VEGF [110]. PCL/collagen/elastin conduits
(with heparin and VEGF) demonstrated a better effectiveness of
vascular regeneration without thrombus formation when com-
pared to electrospun PTFE (ePTFE) grafts that did not include
VEGF and heparin (Figure 5) [110]. Shitole et al. synthesized nano-
fibrous scaffolds using an electrospinning method after success-
fully incorporating clopidogrel into a poly(urethane)/poly(ethylene
glycol) (PU/PEG) polymeric mixture solution. The electrospun PU/
PEG/clopidogrel scaffolds demonstrated hemocompatibility as
well as antithrombogenic capabilities, allowing them to be used
as a blood-contacting antithrombotic material [111].

Figure 5. ePTFE electrospun vascular graft loaded with heparin and VEGF (a). Vascular graft implantation in the intrarenal aorta of a rabbit model (b). Reproduced

with permission from Y.-T. Hu et al. [110].



In 2021, Serpelloni et al. produced a chitosan-based nanofiber
coating (CNC) of vascular grafts that releases the antibiotic vanco-
mycin. The nanofiber outside is used to prevent infection when the
grafts are implanted by sustained release of vancomycin as the
wound is healing following implantation. This is in response to the
systemic administration of antibiotics failing to prevent infection.
Vascular graft implantation without antibiotic treatment following
can cause major complications such as sepsis and even death. The
CNC was produced from a mixture of chitosan nanofibers, poly
(vinyl alcohol), and vancomycin. The preliminary results obtained
from this study so far show the sustained and local deliveries of
antibiotics to prevent infection associated with bypass sur-
gery [112].

In addition to electrospinning, drug eluting vascular grafts
have been prepared using 3D printing technologies. It is an
exciting and growing method to make novel implantable drug
delivery systems. Additive manufacturing commonly produces
devices in which the drug is dispersed throughout (matrix-
type implants). However, there are limitations to this method
as some drugs cannot withstand the high temperatures and
solvents involved [113].

In 2021, Dominguez-Robles et al. [35] produced vascular grafts
from PCL loaded with dipyridamole (DIP) (Figure 6). DIP was
chosen as it is an anticoagulant used to provide antithrombosis
and in addition has shown promising results in promoting the
proliferation of vascular endothelial cells and reducing smooth
muscle cell proliferation. PCL and DIP were mixed in the absence
of solvents, and the grafts were 3D printed. In order to ensure
integration of the DIP in the matrix, both high and low molecular-
weight PCL were used. 3D printing was chosen to allow the
production of precise and highly customizable structures. Full
characterization of the vascular grafts produced was carried out,
additionally evaluating drug release, antiplatelet effect, and
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cytocompatibility. From these characterization procedures, it was
shown that DIP had a sustained and linear drug release profile
without any initial burst for 30 days. It was also shown that DIP was
well integrated into the PCL matrix, which can be explained by
hydrogen bonding occurring between the polymer matrix and the
drug. The results showed that DIP provided a clear reduction in
platelet deposition when compared to PCL alone. The higher
percentage of DIP grafts produced (20%) had a low rate of hemo-
lysis and also allowed cellular attachment, viability, and growth.
However, further evaluation of the use of grafts in vivo is required
by carrying out animal studies. Additionally, sterilization techni-
ques are needed before this device is efficiently evaluated [35].

In another study by J. Dominguez-Robles et al. [32] fused
deposition modeling (FDM) technology was used to fabricate
thermoplastic polyurethane (TPU) based vascular grafts loaded
with DIP. These authors reported that high drug loadings did not
result in a reduction in platelet adhesion due to surface properties.
Additionally, graft fidelity after printing was compromised by high
drug loading (Figure 6a-d). Finally, it was concluded that 5% DIP
loading was ideal for preventing platelet adhesion while keeping a
good printability. The authors reported that the resultant grafts are
able to provide a sustained release of DIP over a period of 30 days
without any sign of burst release. In addition, all of the 3D-printed
materials generated in this study were shown to be cyto- and
hemocompatibility. Moreover, the grafts with lower DIP cargo
were reported to enhance the proliferation of HUVEC cells.
Finally, in this study, Dominguez-Robles et al. showed the versati-
lity of 3D-printing to prepare double layered small-diameter vas-
cular grafts, which contain rifampicin (RIF) and DIP (Figure 6e-f).
This type of technology can be used to prepare advanced devices
to address multiple problems. In this case, loading antibiotics and
antiplatelet drugs can be used to prevent blood clot formation and
infections.

Figure 6. Drug loaded vascular grafts prepared via-3D-printing: TPU vascular grafts loaded with different amounts of DIP (a-d); dual vascular grafts loaded with RIF
and DIP (E and F); PCL vascular graft loaded with 20% DIP. Reproduced with permission from J. Dominguez-Robles et al. [32,35].
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In a separate study, Jia et al. [114] produced vascular grafts
using a multilayer co-axial nozzle system. Human umbilical
vein endothelial cells (HUVECs) and mesenchymal stem cells
(MSCs) were also multiplied and encased in a bioink made of
gelatin methacryloyl (GelMA), 4-arm poly(ethylene glycol)-
tetra-acrylate (PEGTA), and sodium alginate. Highly ordered
vascular systems were printed using the existing bioprinter
setup and the produced bioink. After 21 days, the cells had
completely filled the 3D-printed vascular grafts with no cyto-
toxicity noted. Immunofluorescence was used to better under-
stand how cells behaved inside the vascular wall. The results
revealed that MSCs and HUVECs both expressed the proteins —
SMA and CD31 in a constructive fashion.

The studies and information in this paper show that
vascular grafts have major potential in the treatment of
cardiovascular vascular disease. There are, however, many
aspects that should be addressed before these devices can
be clinically applied. To start, many of the works described
here proposed the use of biodegradable vascular grafts.
These devices aim to deliver drugs and to act as scaffolds
for blood vessel regeneration. Unfortunately, the long-term
degradation and tissue regeneration are normally not pre-
sented in these studies. Additionally, most of the works
describing drug eluting vascular grafts are focused on the
use of techniques that cannot be used for manufacturing
of medical devices at an industrial scale. Nonetheless, the
use of electrospinning and 3D-printing at the point-of-care
is progressing quickly as regulators are provided more
guidance [115,116]. Despite all these aspects, there is a
clear interest in this area of research as the global vascular
graft market is expected to reach eight billion USD by
2030, highlighting that it is an exciting, growing market
[117]. Therefore, scientists and private companies are cur-
rently working to create a new generation of vascular
grafts.

4. Cardiac patches

Cardiac patches are the third type of implantable devices used
to treat CVD. They are aimed to repair damaged cardiomyo-
cytes (CMs). Damaged CMs in the ischemic area as a result of
heart diseases such as coronary artery disease or myocardial
infarction are replaced by fibrotic scar tissue, since these cells
(CM:s) display poor regenerative ability. Moreover, this scenario
correlates with dysfunction of the heart and eventually heart
failure due to the loss of its contractile capacity. In this regard,
cardiac patches consisting of bioactive compounds and sub-
strate scaffolds, and are considered one of the most valuable
therapeutic methods for heart regeneration [36].

Cardiac patches are different than DES or vascular grafts in
nature. They are flat devices rather than tubular implants, and
they are commonly loaded with cells or other therapeutic
compounds (normally biomolecules). This review will focus
on cardiac patches intended for sustained delivery of mole-
cules rather than cellular therapy. This is an emerging area of
research and there are not many studies describing the use of
these devices. Moreover, most of the studies are focused
mainly on manufacturing and testing these devices in vitro
or using in vivo animal studies.

Cardiac patches are usually composed of a substrate scaf-
fold, which should mimic the features of healthy native myo-
cardium, and a therapeutic ingredient that can be cells or
bioactive molecules such as microRNA, growth factors
(Hepatocyte growth factor (HGF) or VEGF) and extracellular
vesicles like exosomes (Figure 7). Materials used for the man-
ufacture of substrate scaffolds need to meet the following
requirements: i) support biological activity, ii) similar mechan-
ical properties of the host tissue and iii) prevent adverse host
immune response [119]. In this regard, polymeric scaffolds
(natural or synthetic) could offer a wide range of mechanical
properties, excellent biocompatibility, and their degradation
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Figure 7. Scaffolding materials and therapeutic ingredients (cells and bioactive molecules) commonly used in the development of cardiac patches. Reproduced with

permission from Mei et al. [36] and Singh et al. [118].



rate can be easily manipulated [120]. Cardiac patches repre-
sent a more effective therapeutic technology alternative for
the treatment of diseased heart tissue, since other therapeutic
approaches such as the injection of growth factors or stem
cells [121] suffer from low stability and short half-life-
time [120].

Growth factors, extracellular vesicles, and microRNAs are
some examples of bioactive molecules loaded in these acellu-
lar cardiac patches. Growth factors are naturally occurring
bioactive molecules that affect the growth of cells, for exam-
ple, stimulating cell proliferation or cellular differentiation
[122]. For instance, a combination of both growth factors,
basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) were loaded in fibrous scaffolds made
from poly(l-lactide-co-caprolactone) (PLCL) and poly(2-ethyl-2-
oxazoline) (PEOz) by using electrospinning [123]. The results of
this study indicated that cells were able to respond at a
molecular level by using the growth factors-loaded scaffolds,
which also helped to reduce scar tissue formation [123]. In a
different work, the authors manufactured a cardiac patch
comprising an electronic mesh including multiple electrodes
for different purposes, such as cell and tissue electrical stimu-
lation in combination with the sustained release of bioactive
molecules within the cardiac tissue [124]. In this study, stromal
cell-derived factor-1 (SDF-1) was released from the performed
cardiac patch, which was able to stimulate in vitro cell migra-
tion. Furthermore, the release of SDF-1 could promote better
vascularization [124].

Extracellular vesicles are lipid bound small vesicles with a
diameter between 30 and 150 nm, which are usually divided
into three different categories, exosomes, microvesicles, and
apoptotic bodies. These vesicles are secreted by cells into the
extracellular space and may play an important role in cell
signaling and regulating various intercellular activities [125].
Therefore, extracellular vesicle-loaded cardiac patches have
been proposed as a valuable alternative to treat heart dis-
eases. For instance, Liu et al. manufactured extracellular vesi-
cle-loaded hydrogels fabricated into cardiac patches in order
to avoid the low stability and short half-lifetime of these
extracellular vesicles secreted by injected therapeutic cells
[126]. In this work, extracellular vesicles were obtained form
from cardiomyocytes (CMs) derived from induced pluripotent
stem cells. The results showed that the arrhythmic burden, as
well as the cardiomyocytes apoptosis rates 24 h after infarc-
tion, was reduced, and the ejection-fraction recovery was
promoted after implantation of these cardiac patches onto
infarcted rat hearts [126]. In a different work, Hamada et al.
developed extracellular vesicle-loaded cardiac patches made
from photocurable adhesive polymer, poly(glycerol-co-seba-
cate) acrylate ethylene glycol (PGSA-g-EG) for the same pur-
pose of improving the therapeutic value of cell therapy [127].
The outcomes of this study showed that the developed plat-
form was able to release bioactive EVs for a period of 14
days [127].

miRNAs are a class of small single-stranded non-coding
RNA molecules involved in the regulation of gene expression.
Indeed, it has been shown that some miRNAs can be involved
in the cardiovascular repair of the ischemic heart [128].
Despite the significant potential of this therapy, the delivery
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of these small molecules is still an essential factor for achiev-
ing a greater therapy success [129]. Thus, to improve the
delivery and stability of these molecules different approaches
have been evaluated. For instance, Li et al. developed a new
miRNAs-containing 3D fibrin-based hydrogel platform contain-
ing miRNAs, which significantly enhanced the reprogramming
of cardiac fibroblasts into functional CMs [130]. In a different
work, Gabisonia et al. were able to deliver the human miRNA-
199a by using an adeno-associated viral vector platform [131].
The outcomes of this study exhibited that infarcted pigs
showed clear improvements in the contractile capacity of
their hearts. Moreover, the muscle mass was increased, and
scar size was reduced [131]. These results are in line with the
de-differentiation and proliferation of CMs, thus suggesting
the success of the used miRNAs therapy.

Cardiac patches have the potential to regenerate damaged
CMs. As mentioned before, this area of research has attracted
recent attention but is currently focused on cell therapy rather
than on the delivery of active compounds. These types of
devices are normally described in the literature as a proof of
concept and their use is normally limited to animal experi-
ments. The results described in the literature are promising.
These implants, however, present several challenges before
they can be applied into patients. The first limitation is the
implantation process. Major surgery is required to implant
cardiac patches. Researchers are, however, currently working
on addressing this issue. Cardiac patches that can be
implanted using minimally invasive procedures have been
developed [132]. Nevertheless, this technology is not applic-
able to every type of patch. Finally, it is important to note that
cardiac patches are normally loaded with biomolecules and
this is an important factor to consider when considering
device manufacturing at industrial scale. Biomolecules are
not compatible with some of the techniques used for the
manufacturing of medical devices that require high
temperatures.

5. Expert opinion

Considering the global burden of cardiovascular disease, there
is a clear need for new therapies that reduce mortality whilst
maintaining quality of life. Drug eluting devices can provide
unattended sustained delivery at the site of implantation.
These devices have been used successfully for long-acting
systemic delivery of a wide range of drugs for the treatment
of chronic conditions such as schizophrenia and HIV. This
technology has been applied to implants for the treatment
of cardiovascular disease. This review covers the three main
types of drug eluting implantable devices described in the
literature. Drug eluting stents have been extensively described
in the literature and are clinically available. This review
describes multiple examples of the use of DES, including key
outcomes from clinical trials. These studies suggest that these
devices are an effective way to prevent restenosis. New gen-
erations of biodegradable stents have promised better out-
comes for long-term restenosis. Biodegradable polymers such
as poly(lactic acid) or poly(lactic-co-glycolic acid) have been
used to prepare drug-loaded stents. This type of devices will
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deliver their cargo and degrade after that, preventing poten-
tial long-term injuries or inflammation leading to restenosis.
However, despite their promising properties, clinical trials
showed mixed results. It is important to note that the use of
polymeric materials can simplify stent manufacturing as con-
ventional injection molding/extrusion technologies can be
used in the manufacturing of the resulting devices. This is in
direct comparison to the complexity associated with complex
machining or laser cutting technologies required to prepare
metal stents. Moreover, the advent of 3D-printing opens the
possibility of preparing customized stents. The future looks
promising for this area of research. However, new materials
and methodologies require regulatory clearance. Currently,
regulatory bodies around the world are providing guidance
and modifying regulations to prepare the future for 3D-print-
ing at the point of care. In this way, clinicians will be able to
prepare customized drug-loaded medical devices for patients.
However, this is just the future, and multiple regulatory ques-
tions should be addressed before this can be applied. One of
the critical aspects is the quality control of 3D-printed devices.
Additionally, all these new types of systems will need to be
tested in clinical trials to guarantee safety and efficacy.

In addition to DES, this review details current develop-
ments in the field of drug eluting vascular grafts and cardiac
patches. These devices are commercially available but not yet
as drug loaded options. Drug eluting vascular grafts have
been extensively discussed in the literature but purely for
research purposes only. Researchers working in this area eval-
uate different materials and manufacturing techniques (mainly
electrospinning and 3D-printing) to prepare this type of
device. These studies are mainly limited to in vitro studies
and, in some cases, to in vivo animal models. However, the
use of drug-eluting vascular grafts has not yet been reported
in clinical trials. The lack of interest could potentially be due to
the efficacy of autologous transplant of vascular grafts for
bypass surgery. This practice is the gold standard for by-pass
surgery and only in special cases patients require the use of
synthetic vascular grafts. Additionally, the type of drugs used
in vascular grafts is mainly limited to anticoagulants/antiplate-
let agents and antimicrobial compounds to prevent infection.
There is an emerging trend in this area of research exploring
the use of 3D-printing for the development of vascular grafts.
As mentioned before, this technology allows the development
of patient-specific vascular grafts. What has been described for
3D-printing of DES can be applied to vascular grafts. It is clear
there are opportunities in this area, however, there is still work
to be done and many regulatory questions unanswered. In a
similar way, electrospinning has been demonstrated to be a
promising alternative to prepare drug-eluting vascular grafts.
Electrospun grafts present completely different surface prop-
erties than commercially available vascular grafts or 3D-
printed vascular grafts. The highly specific surface textures
created as a result of the presence of nano-fibers can be
used to allow faster drug release and to enhance cell attach-
ment and proliferation. Although literature reports are
encouraging, currently, electrospinning is not an industrially
viable technique for graft manufacturing and has not been
demonstrated to be as versatile as 3D-printing in producing
vascular grafts at the point of care.

Cardiac patches have been described as an effective way to
provide cardiac regeneration in the treatment of heart disease.
This is especially important because ischemic heart disease is
the leading cause of death and disability globally. This is
especially important considering the limited regeneration cap-
ability of cardiomyocytes. These patches can be used to sti-
mulate cardiac tissue regeneration. The majority of the work in
this area is focused on cell-laden cardiac patches for regen-
erative medicine. This review is focused on drug-eluting
devices, and therefore cardiac patches loaded with active
molecules have been described. Most of these patches are
loaded with bioactive molecules such as growth factors, extra-
cellular vesicles, or microRNAs. The stability of these bioactive
cargos is limited, as opposed to the small therapeutic mole-
cules used for DES and vascular grafts. Additionally, manufac-
turing could be challenging as the structure of these devices
requires the assembly of many layers and incorporates the
complexities associated with biologics. These devices have
the potential to revolutionize heart disease treatment, but
there are still many aspects to be addressed. Implantation of
this type of devices often requires risky and invasive open-
chest surgery. However, multiple advances are being devel-
oped in this area to develop surgical procedures allowing the
implantation of this type of devices in a minimally inva-
sive way.
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