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Abstract: Traditional drug administration methods, including injection, oral and nasal 

route, have been extensively adopted over the years due to their low-cost and/or easy 

ways to deliver drugs. However, most of the times, they are not effective and significant 

drawbacks still compromise their application. In order to overcome the shortcoming 

associated with traditional administration routes, many researchers have been focusing 

their attention on long-acting biomedical implants, which have gained great interest 

within the scientific community in the last decade. These are usually intended to support 

the functions of a specific organ by slowly releasing a medication or simply monitor body 

functions. One of the most promising fields of application of such devices is the treatment 

of chronic diseases, long-lasting infections (e.g. human immunodeficiency virus (HIV)) 

and chronic inflammation in wound healing (implants in form of dressings). In this 

regard, the availability of new manufacturing approaches and novel biocompatible 

materials have positively contributed to design innovative personalised and targeted 

drug delivery systems (DDSs). Among all the benefits associated with the use of new 

DDSs, an improvement in patient’s compliance (or adherence) to the medication is the 

most significant. This review aims to provide an overview of the recently developed 

technologies for the prediction, prevention, and personalised treatment (3Ps) of human 
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immunodeficiency virus (HIV), cardiovascular diseases (CVDs), diabetes and chronic 

wounds, focusing on long-acting biomedical implants and their promise for future 

application.  

Keywords: 3D Printing; chronic diseases; drug delivery; electrospinning; implantable 

devices; infections; inflammatory; long acting; microfluidics; personalized therapy.  

1. General Introduction 

The technological development in the biomedical field has made possible the 

production of a wide range of new bio-devices. Especially, the availability of new 

manufacturing methods and biocompatible materials has allowed to design innovative 

personalised and targeted drug delivery systems (DDSs) [1]. The DDSs can be made of 

both degradable and non-degradable materials, varying the mechanism of drug release 

according to this specific feature. In degradable systems, the medication delivery is 

mainly due to the erosion (bulk and surface) of the device, swelling of the material and 

diffusion, while in non-degradable systems; release is only due to diffusion. Moreover, 

other external parameters (e.g. pH, temperature, drug physicochemical properties) can 

influence the time and modality by which drugs are delivered  and must be considered 

during the design process of the device [2]. This is an important step forward in research, 

since DDSs permit to tightly control the drug release rate, as well as its specific delivered 

amount and the target site [3]. The older routes of administration, such as injection and 

oral, present some disadvantages linked to the lack of control over the timing of release, 

as well as a reduced therapeutics’ bioavailability  and stability and impossibility of 

removal in case of adverse reaction [4].  

Among all the benefits associated with the use of new DDSs, an improvement in 

patient’s compliance (or adherence) to the medication is one of the most significative. 
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Using the latest platforms for therapeutics delivery could be a powerful choice to 

improve this aspect, making therapies personalised and more patient-friendly [2, 4].  

Many researchers have now focused their attention on long-acting biomedical 

implants, which intend or to replace the functions of a specific organ by slowly releasing 

the medication, or to replace the organ itself, or simply monitor body functions [5]. One 

of the most promising fields of application of such devices is the treatment of chronic 

diseases [6], long-lasting infections (e.g. human immunodeficiency virus (HIV)) [7] and 

chronic inflammation in wound healing (implants in form of dressings) [8]. Very often, 

to treat these pathologies, daily drug administration is required, and in this view 

biomedical implants perfectly fit [7, 9].  

To date, a wide range of new manufacturing methods are available, starting from 

additive manufacturing (e.g. 3D printing), microfluidics, and electro-hydrodynamic 

processes (e.g. electrospinning), arriving to microelectromechanical systems (MEMS). 

These technologies are very up-and-coming both for treatment and monitoring, allowing 

not only to produce devices with better performances, but also the creation of smart DDSs 

that can be successfully employed in the field of personalized medicine, tailoring the 

therapy from patient to patient [3, 10, 11].   

In this review will be given an overview of the recently developed technologies 

for the prediction, prevention, and personalised treatment of human immunodeficiency 

virus (HIV), cardiovascular diseases (CVDs), diabetes and chronic wounds, focusing on 

long-acting biomedical implants. The investigated devices could be profitably 

personalized according to the patient’s medical history and needs, aiming to administer 

drugs in an even more friendly and comfortable way.  
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2. Human immunodeficiency virus (HIV) 

 2.1 HIV Pathophysiology and epidemiology 

Human Immunodeficiency Virus (HIV) is a lentivirus (subgroup of retrovirus) [12] 

that started to spread among the worldwide population in 1980s [13]. The HIV 

morphology is characterised by the presence of a lipid bilayer membrane in which three 

trimer of glycoprotein 41 (Gp41) and glycoprotein 120 (Gp120) are embedded, 

constituting the viral envelope that the virus used to bind to some specific receptors of 

the host cell and start its viral activity [12]. Particularly, HIV prefers to bind to CD4 and 

CCR5 receptor [12, 14] that mainly presents on T lymphocytes surface [14]. 

The virus can enter the cell by membrane fusion or endocytosis, releasing its viral 

RNA in the cytoplasm and, subsequently, by fusing it with non-viral DNA. [12] This 

process produces infected T cells that die due to apoptosis or pyroptosis (high 

inflammatory programmed cell death), causing a significant decrease in their number 

[15]. When the CD4 T lymphocytes concentration falls below a certain threshold (200 cells 

μL-1), then the immune system is no more able to counteract the infection leading to the 

progression of AIDS [16].  

In the last 40 years, substantial progress has been made for the treatment of this 

condition [13]. Therapeutic approaches, such as Pre-exposure Prophylaxis (PrEP) and 

Anti-retroviral Therapy (ART), have been approved [13, 17], allowing the infected people 

to live a  “normal” life [18]. ART and PrEP consist in the administrations of antiretroviral 

drugs (ARV) but PrEP is used to block the acquisition of the virus before the exposure, 

while ART is used in order to treat AIDS [19] (Fig.1). 

The development of PrEP, which is a prevention strategy for uninfected individuals 

at risk, allowed to reduce the risk of contraction by 85%, while ART resulted in the 

suppression of the virus in 80% of the infected patients [21]. 
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Aiming to reduce the global cases of HIV infection and in order to put the maximum 

effort in research, in 2014 the Joint United Nation Programme on HIV and AIDS set the 

90-90-90 targets. The purpose was to make aware of their status on 90% of the population, 

to start ART on the 90% of the diagnosed patients and to virally suppress the virus in the 

90% of the cases by the year 2020 [17]. Unfortunately, 1.8 million people contract the virus 

every year [22] and to date, approximately 37.9 million people live with HIV [23]. 

One of the cause for such numbers is due to  the poor adherence of the majority of 

patients to the daily administration of ARV [24]. Even short periods of non-adherence 

can be extremely detrimental and drastically reduce the health benefits of the therapy 

[25]. Thus nowadays, the main goal of research is to develop long-acting injectable drugs 

and long-acting implantable devices that allow for infrequent dosing (non-daily 

administration) [7, 25]. 

Long-acting injectable drugs are commonly administrated via intramuscular (IM) 

administration  [26]. Their main advantages are linked to the possibility of avoiding the 

gastrointestinal (GI) tract and all the adverse events that are related to this route of 

administration such as drug-drug interactions and first pass metabolism [26]. However, 

this kind of route also shows some drawbacks, mainly due to the impossibility of 

removing the drugs from the circulation in case of adverse reaction [24]. However, 

implantable devices have shown some improvements: can be removed in case of adverse 

reaction, provide a predictable release profile, can be biodegradable avoiding removal 

and do not produce pharmacokinetic tails [7]. Due to many benefits of using implantable 

devices, research is now focusing on the development of new long-acting implantable 

devices, especially for prevention applications [27]. 

2.2 Long acting drugs for HIV 

One of the main strategies that can be employed to manage the poor adherence of 

the PrEP therapy from the patients is by using long acting drugs. In order to be suitable 
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for infrequent treatments, these drugs must have some features, such as be potent and 

insoluble allowing infrequent administration (due to their poor water solubility) and also 

a dose reduction [28]. These are key aspects especially with regards to implants, due to 

the limited capacity of the implant’s reservoir [7]. Tenofovir (TVF) and Cabotegravir 

(CAB) are some examples very often used in combination with implants. 

TVF is a Nucleoside Reverse Transcriptase Inhibitor (NRTI) with a half-life of 60-

100h , and it is used due to its safety and tolerability [21]. It can be administered not only 

in form of TVF, but also in form of other two prodrugs such as tenofovir disoproxil 

fumarate (TDF) and tenofovir alafenamide fumarate (TAF) [29]. Particularly, with 

regards to TAF, it has been proven that it is 10 times stronger than TDF [7, 21], less toxic 

to kidneys and bones [18, 30] and also, it shows activity against Hepatitis B virus [7].  

CAB is a HIV integrase inhibitor [21] with a strong antiviral activity [31] and 

currently it is in phase III clinical trials [29]. It is suitable both for oral and long-acting 

injectable administration [21, 30, 31], with a half-life of 31.5h [21]. It has been proven that 

CAB is able to reach an optimal plasma concentration, in both men and women, when 

administered every 8 weeks [31]. Also, it has very low interaction with other drugs [31], 

it is well tolerated and its use is related with mild adverse effects at the injection site [21, 

30].  

ART is not able to completely defeat the viral reservoir, and this is why new drugs 

are still under investigation [32]. One example is broadly neutralizing antibodies 

(bNABs) [32]. These are commonly administrated in form of crystals through injections 

[33], but also have been employed in the design process of new types of implantable 

DDSs, such as intravaginal rings (IVR) [34]. bNABs isolated from the infected patients 

[35] show a very high level of potency and wide neutralization breadth against a vast 

number (almost 80%) [30] of HIV strains [36]. They have an half-life of 2-3 weeks [37] and 

their outcomes can be improved through combination of different types [30, 37] or 

through modulation of their fragment crystallisable (Fc) region [32, 33]. 
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2.3 Implants for the delivery of HIV drug molecules  

Implants presented in this section, can be divided in polymer-based (e.g. 

intravaginal and subcutaneous implants) and nanofluidic-based (e.g. refillable devices). 

Intravaginal rings (IVR) are included in the class of topical drug delivery implants 

and are designed in order to be user-friendly and continues monitoring of the 

disease/therapy [38]. A Pod-intravaginal ring able to deliver TDF in combination with 

maraviroc (MVC), an inhibitor/antagonist of the receptor CCR5, was developed by Moss 

et al.  [39]. The Pod-intravaginal ring was made by 10 pods, 6 containing TDF and 4 

containing MVC, that acted as independent reservoirs [39]. A pharmacokinetic analysis 

was performed in an ovine model and the results showed that the device was able to 

deliver TDF and MVC at a constant rate for almost 28 days, by keeping for the whole 

duration of the release a significative concentration of both substances in the sheep 

cervicovaginal fluid. Also, it was found that the steady state concentration was reached 

in almost 24 h [39]. 

In addition to this, Ugaonkar et al. produced a core-matrix intravaginal ring by 

combined four pharmaceutical compounds (MIV-150 and zinc acetate against HIV-1 and 

HIV-2, carrageenan against human papilloma virus HPV, and levonorgestrel as 

contraceptive). Their aim was to obtain an implantable device able to protect the patient 

against two types of HIV virus (HIV-1 and HIV-2), HPV and pregnancy. The drug 

molecules continuously diffused from the device for almost 94 days in vitro and 28 days 

in vivo. Moreover, drug levels were enough to counteract the effects of the viruses and 

unintended pregnancy (Fig.2) [40]. 

Keeping in mind all the possible strategies that can be exploited to face HIV 

infections, Zhao et al. produced a bNABs-loaded IVR capable of releasing nicotine-

manufactured VRC01-N antibodies in vivo. The device contained several pods coated 

with polylactide acid (PLA), which acted like rate controlling membrane, and then 
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embedded in silicon ring scaffold. Each pod was provided with a channel to allow 

diffusion from the reservoir. Drug concentration levels were satisfactory (steady state 

levels in vaginal fluid: 102-103 μg g-1) for up to 21 days. As each pod act like a distinct 

reservoir with independent release characteristics, this device can be also used to deliver 

multiple combination of mAbs [34]. 

IVRs are the gold standard in the treatment of HIV infection in the female 

population, but patient’s adherence to their administration is still a concern; moreover, 

manufacturing of IVRs is usually carried on at high temperatures, making the 

incorporation of therapeutics difficult. Recently, elecrospun fibrous scaffolds started to 

be used in HIV treatment [41]. Electrospinning is a manufacturing technique that allow 

to produce micro/nanometric fibres by exploiting electric field. It gained attention 

because electrospun devices have a great extracellular matrix (ECM) mimicking ability, 

promoting cells attachment, migration and proliferation. Also, it allows to simply include 

drugs in the formulation, creating drug-loaded devices that can be employed in a variety 

of biomedical applications [42]. A poly (lacti-co-glycolic acid) (PLGA) electrospun matrix 

was produced by Grooms et al. in order to provide a barrier and to inactivate the virus 

prior to cell entrance. The device was functionalized by surface modification of the fibres 

integrating the antiviral protein griffithsin (GRFT). The same group demonstrated that 

GRFT has a great potential not only against HIV, but also against herpes simplex virus 

(HSV), making their device multipurpose. In addition, topically applied GRFT may be 

customized to bind a variety of pathogen target (e.g. Gp120) and release multiple 

antiviral agents (e.g. genetic agents and antivirals). GRFT was tested at different 

concentrations (0.00005, 0.0005, 0.005, 0.05, 0.5, 5 nmol/mg) and in vitro experiments were 

performed to assess its potency, also cytotoxicity assays against cervical epithelial cells 

were carried on in order to test their viability. Antiviral activity was reached with 0.05, 

0.5 and 5 nmol/mg, additionally these concentrations were not toxic at all for the chosen 

cell lines (VK2, Ect1, End1) [43]. 
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Another approach to PrEP includes the possibility to insert subcutaneous 

implants. Johnson et al. developed a TAF-eluting polycaprolactone (PCL) tube, fabricated 

via single-screw hot-melt extrusion (HME) process. The biodegradable device showed a 

zero-order release kinetics. The delivery of the drugs was mainly controlled by the 

morpho-chemical properties of the device, such as surface area, wall thickness and PCL 

crystallinity, thus allowing the fine tuning of the implant parameters in order to 

personalize it, in terms of dosing and duration, according to some specific clinical and 

socio-behavioural conditions (Fig.3) [44]. 

Polymer-based devices can be made of biodegradable or non-biodegradable 

materials, moreover they can require removal after drug exhaustion [25], which is the 

main reason why refillable nanofluidic-based devices are gaining attention [45]. 

Micro/nanofluidic platforms are characterized by micro/nano-scale channels and they 

were recently employed in drug delivery applications thanks to their advantages, which 

include low costs, portability, reproducibility, the possibility to tightly control the device 

microenvironment and drug release [3, 46]. A refillable nanofluidic implant was 

developed by Chua et al. with experiments carried on two titanium devices constituted 

by two refillable reservoirs containing TAF and emtricitabine (FTC), which can release 

drugs through silicon membranes (circular and rectangular shaped). To perform in vivo 

studies, the implants were inserted in the dorsal scapular region with the membrane side 

facing the dermis, in such a way to make the device recognizable and palpable. The 

implants had also the ability to be detected through ultrasound imaging. From the results 

was possible to ascertain the ability of the device to successfully deliver TAF and several 

problems in the delivery of FTC, due to its poor half-life [45] (Fig.4). 

Pons-Faudoa et al. created a nanofluidic device for the delivery of two different 

formulations of Cabotegravir, CAB and 2-Hydroxypropyl-β-cyclodextrin CAB (βCAB) 

with improved solubility. Two materials were utilized to produce the implants: polyether 

ether ketone (PEEK) for βCAB and a smaller titanium reservoir for CAB. Release was 
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made possible through microfabricated silicon membrane equipped with 13 nm size 

channels densely organized in squared arrays. In vivo testes were carried out on rats, and 

results exhibited 3 months sustained release and significant plasma concentration of both 

CAB and βCAB, with higher values for the latter [22].  

3. Cardiovascular Diseases (CVDs) 

People affected by HIV have a great risk to develop cardiovascular diseases 

(CVDs) compare with non-infected people. This is primarily due to development of ART 

and the subsequent aging of the HIV-infected population [47]. In the following section 

this connection will be further investigated. Additionally, new technologies employed in 

the management of CVDs (with particular regard to coronary heart disease (CHD) will 

be shown.  

3.1 CVD Pathophysiology and epidemiology 

CVD is a class of diseases that involves blood vessels and/or heart [48]. The most 

common types include aneurysm, atherosclerosis, ischemic heart attack, myocardial 

infraction and sudden cardiac death [49]. The major risk factors associated with these 

pathological conditions are mainly in the aging process that leads to an increase in the 

plasma level of cholesterol and hypertension. However, they are associated with some 

external habits, like smoking or physical inactivity, or even associated pathologies, such 

as diabetes and obesity [50].  

CVDs are the principal cause of death globally, with a number of people dying 

annually from CVDs than from any other cause: in 2016 only, about 17.9 million people 

died from CVDs [51]. Recently, has been also discovered that CVDs (especially 

hypertension) are among the most dangerous comorbidities associated with death by 

SARS-Cov-2 infection [52]. Indeed, this viral infection is associated with vascular 
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inflammation, myocarditis, and cardiac arrythmias, which can subsequently aggravate 

pre-existing pathological conditions [53].  

Among CVDs, CHD is gaining attention because it is responsible for the 30% of all 

global deaths and more specifically, for the 19% and 20% of deaths among the male and 

female worldwide population, respectively [54].  

CHD directly derives from atherosclerosis and is characterised by a progressive 

narrowing of the coronary vessel’s walls, thus affecting the oxygen supply to the heart 

and leading to heart failure, arrhythmias and acute coronary syndromes (ACSs), such as 

myocardial infractions and unstable angina [55]. Particularly, ACS can be caused by the 

sudden erosion or disruption of an atherosclerotic plaque, which is followed, most of the 

times, by thrombus formation and reduction in blood flow [56].  In the presence of a 

complete occlusion, patient generally present an ST-segment elevation in the 

electrocardiographic path, leading to myocardial infraction (STEMI), while in the case of 

partial occlusion, there could be a lack of ST-segment elevation leading to unstable angina 

(NSTEMI or UA) [57]. 

CHD is also one of the main cause of death among HIV-infected patients, who 

have 50% more chances to experience a myocardial infraction compared with uninfected 

people [58]. ART have significantly prolonged HIV patients’ life, so they will not only 

suffer by HIV symptoms, but also the aging process and all the related “side effects” [59]. 

Moreover, ART is not able to suppress the virus so individuals must continue to take 

these drugs during their whole lifespan, contributing to the creation of a state of chronic 

inflammation and immune activation and paving the way for the arising of 

atherosclerotic events [60]. Atherosclerotic plaque formation results from endothelial 

injury and low-density lipoprotein accumulation within the arterial wall and their 

oxidation [61]. The injury triggers the activation of immune cells, such as monocytes, that, 

once migrated in the sub-endothelial space, differentiate into macrophages, encapsulate 

the oxidized lipoprotein and contribute to further lipid accumulation and formation of 
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foam cells [61, 62]. Furthermore, in response to this inflammatory process, smooth muscle 

cells migrate into the luminal space of the vessel and convert fatty deposit into a fibrous 

capsule [62]. Lymphocytes and especially T-cells are also involved in this process [61], 

thus making clear the implications of HIV virus. In fact, it has been proven that the level 

of CD4 T-cells is strongly correlated to the number of vulnerable plaques in HIV patients 

[63]. Up to now, the most diffused treatment for CHD relies on the use of stents [64]. 

3.2 CVD Current approaches 

The use of cardiovascular stents involves the practice of an invasive surgical 

procedure called percutaneous coronary intervention (PCI) [65]. This is  followed by the 

application of dual antiplatelet therapy (DAPT), with the aim to reduce any further 

ischemic event [66]. Currently, different types of stents include metallic, drug eluting, 

biodegradable, and electronic.  

Bare metal stents (BMSs) were introduced right after angioplasty balloons (BAs) 

in order to prevent vessel’s elastic recoil [68], a phenomenon characterised by the loss of 

the luminal areas following overstretch of the vessel wall [69]. They can be balloon-

expandable or self-expandable [65]. Even if they showed some remarkable improvements 

with respect to the older technologies, many disadvantages including  stent thrombosis 

and restenosis are still associated with their use [65]. The former condition involves the 

development of a thrombus that can result in vessel closure [70], the latter is linked to a 

reduction of the vessel’s lumen due to an excessive growth of tissue in the luminal side 

(neointimal hyperplasia) as well as to a new atherosclerotic process (neo-atherosclerosis) 

[69].  

To overcome these issues, BMSs with thinner struts, high radiopacity, and made 

of new materials (cobalt-chromium and platinum-chromium alloys instead of stainless 

steel) were produced, unfortunately these changes did not bring any improvement [71]. 
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Following on the still open challenges,  drug eluting stents (DESs) were introduced, 

finally reducing the frequency of these events [68].  

In DESs, drug molecules (e.g. Paclitaxel, Sirolimus and Sirolimus-derived) are 

encapsulated in the metal backbone of the stent by linking them on the implant’s surface, 

by using carrier, or by embedding the device in a durable polymeric materials, that acted 

as reservoir [65]. The used drugs can be classified as immunosuppressive, 

antiproliferative, anti-inflammatory, antithrombotic and pro-healing agents [72, 65, 73]. 

Paclitaxel is an anti-proliferative drug already employed in the treatment of some 

types of cancer (e.g. lung, breast and ovarian cancer) and used in this case to prevent in-

stent restenosis [74]. Particularly, it inhibits muscle cells proliferation [73]. Sirolimus, is 

an antibiotic with anti-proliferative and anti-inflammatory properties, very similar to 

Paclitaxel and both inhibit smooth muscle cell proliferation, but with very different 

mechanism of action as they block the mitosis at two different stages [65, 72]. 

Despite all the advantages in respect to classical BMSs, the use of DESs is still 

subjected to problems particularly late-stent thrombosis, as prolonged DAPT has been 

required [66], but also inflammatory reaction against the polymeric coating [76]. These 

evidences have clearly showed that these technologies still present many limitations, thus 

calling for new approaches and devices to be used.  

3.3 New technologies for CVD 

Aiming to solve the aforementioned problems, one solution can be the 

employment of absorbable materials, both as coating in DES and as stent backbone [77]. 

It has been proven that leaving the stent in the vessel for over 9 months is not beneficial 

in terms of vessel re-epithelialisation and inflammatory response [65]. Nogic et al. 

demonstrated that biodegradable DESs, for instance PLLA-based or chromium alloys-

based, show some significant improvements in the treatment of CHD [78].  
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Regarding DES, Park et al., developed a polycaprolactone (PCL) 3D-printed 

sirolimus spray-coated drug eluting stent that was successfully tested in vivo, showing a 

sustained release profile and a reduced neointimal hyperplasia [79]. More recently, in 

order to substitute sirolimus with a newer drug, biolimus A9 (more lipophilic sirolimus 

derived drug) DES were produced [80]. Menown et al., tested the efficacy of a new 

biolimus A9 DES with cobalt chromium thin strut and poly-lactide acid (PLA) coating 

that exhibited low percentage of major adverse cardiac events (3.9% at 9 months) and low 

rate of stent thrombosis (0.25%) [81]. 

Stent’s biocompatibility, mechanical properties and performances could be also 

improved via functionalisation of the strut and by coating their surface with active 

biomolecule. To cite an example, Zhou et al., created a new bioabsorbable stent made of 

Zinc (Zn) and Copper (Cu). It has been noticed that Zn positively influences growth and 

proliferation of endothelial cells and plays an important role in the prevention of cardiac 

diseases. To improve the stent’s mechanical properties, Cu was added to the formulation, 

which induce the expression of vascular-endothelial growth factor (VEGF). To asses 

stent’s properties and safety, the device was implanted in porcine coronary artery for 24 

months and obtained very significant results, such as proper degradation rate, good 

endothelialisation process and no signs of thrombosis, necrosis or inflammatory response 

(Fig.5a) [82]. Another device is the one produced by Lee et al., in which, again, the benefits 

of 3D printing were exploited to create a personalized stent. The strut was made of PLA 

biodegradable polymer and then heparin-coated, aiming to improve stent’s 

biocompatibility and prevent thrombosis. The device showed excellent anti-coagulant 

activity as well as modulation of smooth muscle cells and endothelial cells proliferation. 

In vivo tests resulted in less neointimal hyperplasia and no atherosclerosis and thrombosis 

(Fig.5b)[83]. Error! Reference source not found. summarise the main features of BMSs 

and DESs described in this section. 
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All these mentioned devices can be useful tools in terms of treatment, but they do 

not allow for the monitoring of bodily parameters and prediction of up-coming 

pathological events. Microelectromechanical systems (MEMS) can be very useful for 

monitoring and prediction (e.g. blood pressure, temperature and chemical concentration 

of molecules) and for medication (e.g. delivering drugs in specific times) [84]. MEMS 

(bioMEMS when are used in biomedical applications) are miniaturized systems that 

consist in microelectronics components, micro actuators and microsensor [85, 86]. They 

allow the integration of multiple functions within the same device and to precisely 

control the drug delivery process thanks to the interplay of microtechnology and 

electronic components [10].  As an example, a multifunctional, bioresorbable electronic 

stent was developed by Son et al. The device was equipped with flow and temperature 

sensors, as well as a nanoparticles-based anti-inflammatory system (to eliminate oxygen-

reactive spices generated by PCI) and nanospheres-based, temperature-controlled drug 

delivery system. Moreover, the electronical stent was also provided with a memory cell 

and wireless communication system for blood flow pattern analysis and diagnosis (Fig.6) 

[87].   

4. Diabetes 

CVDs, especially CHD, are very closely connected to diabetes mellitus. These 

pathologies share some significant points, such as worsening with age and obesity, also, 

they are both characterized by an anomalous lipidic profile.  

Diabetes is a risk factor for CVDs (CVDs death rates are 1.7 times higher among 

people with diabetes), mainly due to all the hyperglycaemia-related issues that primarily 

involve the vascular system and nerves [88]. In the next section will be given an overview 

of diabetes pathophysiology. Additionally, it will focus about new strategies to 

implement insulin therapy.   
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4.1 Diabetes Pathophysiology and epidemiology 

Glucagon and insulin are the most important hormones involved in glucose 

metabolism [89]. The first is secreted when plasma glucose concentration (Cg) is low,  

while the second is released with the increasing of Cg levels [90]. They are respectively 

produced from pancreatic α and β cells [91]: glucagon allows to control glycogenolysis 

and gluconeogenesis in case of fasting, on the other hand, insulin allows to start 

glycolysis and glycogenesis  in high presence of glucose [92, 93] .  

Diabetes Mellitus (DM), in combination with obesity, dyslipidaemia and blood 

pressure elevation, is also known as metabolic syndrome [94]. It results from a defect in 

β cells functioning and so in insulin secretion [95]. 

Type I diabetes usually develops during childhood and it is characterised by a self-

destruction of pancreatic β cells due to an auto-immune reaction, that eventually leads to 

a decrease level of produced insulin; type II diabetes is very common in the elders and in 

case of obesity and involves both inadequate insulin production and peripheral insulin 

resistance [93, 94]. 

Lack of insulin, as well as defections in its production, are the main causes for the 

arising of a chronic state of hyperglycaemia [93] and other pathologies. In physiological 

conditions, glucose is up taken by cells (adipocytes and myocytes) by means of glucose 

transporter 4 (GLUT-4), an insulin-dependent protein that resides in the intracellular 

compartment and activates just in presence of this specific hormone [96]. In diabetic 

patients, adipose and muscular tissues are not able anymore to up take the circulating 

glucose due to insulin deficiency or resistance, thus causing hyperglycaemia [93]. 

Moreover, reduced concentration of insulin and increasing concentration of counter 

regulative hormones, stimulate triglycerides braking down, thus increasing free fatty 

acids blood concentration and production of ketone bodies, causing ketoacidosis [97, 98].  
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In this environment, severe diseases can easily develop. High levels of advanced 

glycation-end products (AGEs), such as glycated haemoglobin (HbA1c) and glycated 

albumin (GA) [99], are responsible for endothelial and vascular dysfunction, prolonged 

inflammation [100], bone damages [101] and fragility [102] and impaired functions in the 

peripheral nerves [103]. Vascular and endothelial abnormalities causes atherosclerosis 

and thrombosis [104], neuropathy and retinopathy [105]. Neuropathy and damages in 

blood circulation, as well as chronic inflammation, are the main causes for diabetic foot 

[106]. Excess Cg can lead to the activation of numerous metabolic pathways that can be 

detrimental for some types of cells [101], to glycosuria and renal dysfunctions [97]. 

Hyperglycaemia can occur both in the basal state (overnight and between meals), 

due to an increased hepatic glucose production, and in the prandial state (after a meal), 

due to glucose absorption in the gastro-intestinal tract [94]. Therefore, in order to 

diagnose diabetes, glucose levels in the bloodstream must be measured carefully and 

they need to be within specific ranges (seeError! Reference source not found.). Moreover, 

due to high presence of AGEs, HbA1c is very often used as glycaemic indicator as well 

as Cg [107].  

To date, about 422 million people worldwide have diabetes, with type II being the 

most common, and about 1.6 million deaths can be attributed to this chronic disease [109]. 

Diabetes treatments rely mainly on the use of insulin and anti-diabetic agents, such 

as sulfonylureas, glinides, biguanides, glitazones (thiazolidinediones) and R-glucosidase 

inhibitors [94]. Currently,  four types of insulin  are commercially available (rapid-, short-

, intermediate- and long-acting) [110] and are commonly administered via subcutaneous 

injection (e.g. insulin syringes, pens and insulin pumps) [110, 111]. Despite the several 

advantages, such as low cost and high absorption, the administration method along with 

its frequency, may be the cause of infections, pain, tissue damages and low patient 

compliance [110, 112]. Hence, new therapeutic approaches are of pressing need. Among 

them, transdermal and closed loop drug delivery systems have shown some promise.  
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4.2 Transdermal drug delivery systems: microneedles  

Microneedles (MNs) have been extensively studied as transdermal DDSs, because 

of their low coast, easy handling, painless administration and no need for any power 

supply [110]. MNs can be solid, used as a pre-treatment for pore formation in the skin; 

coated, to fast release a small amount of drug (release depends on the coated amount); 

dissolving, in which drug is released due to needle dissolution; hollow, provided with a 

channel for drug infusion; reservoir-based swelling, in which release is achieved thanks 

to the absorption of interstitial fluids and needles subsequent swelling (Fig.7)  [110, 113]. 

Kim et al. designed a patch-free and dissolution-based powder-carrying 

microneedle system (PCM) for insulin delivery and treatment of diabetes mellitus. PCMs 

were made of carboxymethyl cellulose (CMC) and fabricated by means of a 

polydimethylsiloxane (PDMS) mould and solvent-casting method. Insulin powder was 

encapsulated into the needle and covered with a CMC protective layer. Through a 

micropillar system, PMCs could be finally inserted into the skin (Fig.8). Pharmacokinetic 

studies were carried on aiming to evaluate the maximum drug concentration (Cmax), time 

to reach Cmax (Tmax), bioavailability (BA) and the area under the serum drug concentration 

versus time curve (AUC). Results exhibited a prolonged release for PCMs and higher Cmax 

with respect to common dissolving microneedles (DMNs). Furthermore, PCMs showed 

good biocompatibility and insulin stability, along with some improvements in 

comparison to DMNs. Particularly, PCMs did not account for drug solubility and 

degradation during the fabrication process, which is one of the major issues associated 

with the use of DMNs [114]. 

Dissolvable systems are highly dependent upon dissolution rate of the employed 

material, therefore, could not be suitable for fast administrations [115]. To overcome this 

issue, Economidou et al. use stereolithography (SLA) 3D printing and inkjet printing, for 

the manufacturing of insulin-sugar film coated MNs array with two different geometries 
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(spear and pyramidal). Both in vitro and in vivo studies were performed showing 

controlled release rates for both microneedles arrays, with a maximum insulin plasma 

concentration of 59.9 μIU/ml reached in the first hour; insulin was  constantly released 

for up to 4 h [115].   

4.3 Closed-loop drug delivery systems 

Closed-loop drug delivery systems (or artificial pancreas) are feedback-based 

systems able to continuously monitor glucose levels in the blood and to deliver the right 

amount of insulin according to patient’s Cg variations, thus allowing for personalized 

treatment [111]. Artificial pancreas can be grouped in three main categories: the first is 

algorithm-based, which includes the use of electronic components, the second is 

polymer-based, in which insulin carriers are used, and the third exploits the properties 

of modified insulin  [112, 116]. 

The simplest algorithm-based closed loop system is made of  monitoring element 

(such as biosensors) which usually exploits molecules or enzymes that have high affinity 

with glucose (as Glucose Oxidase) [116], a control system, which provides dosing 

instructions, and a delivery device like insulin pumps [117]. Biosensors can be made of 

one or more electrodes, which are able to transduce free electric charges, produced by 

chemical redox reactions, in an electric current that can be easily processed by the control 

system [116]. The latter has the final aim of translating the obtained raw data and 

modulate drug infusion in accordance with a pre-set algorithm [111, 116]. The control 

system, as well as the delivery device, are usually worn by the patient, therefore need to 

be small, lightweight, wireless and with a long life battery [116]. 

The FDA-approved MiniMed 670G insulin pump (Medtronic) is an example of 

algorithm-based, hybrid closed-loop system. It can work in to two different modes: 

manual mode and auto mode. In manual mode, the patient is required to manually insert 

insulin delivery settings; in auto mode, the device is provided with and automated 
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insulin pump and a fourth-generation sensor (Guardian sensor 3, Medtronic) that 

evaluates glucose concentration in the bloodstream with great accuracy. The insulin 

pump is programmed with a new proportional-integral-derivative algorithm (PID) able 

to adjust insulin delivery according to both Cg and the delivery history, avoiding 

postprandial hyperglycaemia and hypoglycaemia. This device still requires calibration 

and some user interventions, even though less in respect to other commercial devices 

[118].  

Regarding polymer-based insulin delivery systems, glucose sensitivity can be 

reached using three types of glucose-sensitive molecule: Glucose Oxidase (GOx), glucose 

binding proteins (such as concanavalin A) and phenylboronic acid (PBA) [119].  

Glucose can be converted into gluconic acid through the following set of chemical 

reactions:  

𝜷 − 𝑫 − 𝒈𝒍𝒖𝒄𝒐𝒔𝒆 + 𝑶𝟐 → 𝑫 − 𝒈𝒍𝒖𝒄𝒐𝒏𝒐𝒍𝒂𝒄𝒕𝒐𝒏𝒆 + 𝑯𝟐𝑶𝟐 

𝟐𝑯𝟐𝑶𝟐 → 𝟐𝑯𝟐𝑶 + 𝑶𝟐 

𝑫 − 𝒈𝒍𝒖𝒄𝒐𝒏𝒐𝒍𝒂𝒄𝒕𝒐𝒏𝒆 + 𝑯𝟐𝑶 → 𝑮𝒍𝒖𝒄𝒐𝒏𝒊𝒄 𝑨𝒄𝒊𝒅 

The first reaction is catalyse by GOx, while the other two are spontaneous [120]. 

According to this mechanism of action, GOx-based drug delivery systems can be 

pH-sensitive (swellable), due to the production of gluconic acid, hypoxia-sensitive, due 

to O2 consumption, and H2O2-sensitive [119].  

Yu et al. developed a MN patch containing insulin-loaded polymersome-based 

vesicles for transcutaneous administration. The device was made of poly (ethylene 

glycol) (PEG) and polyserine modified with 2-nitromidazole via a thioether moiety. 

Insulin was released by vesicles dissociation subsequently to H2O2 production or to 

arising of hypoxia conditions. The device efficacy was evaluated in mice in vivo models, 

showing its ability to regulate glucose level in the bloodstream for about 10h [121].  
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Concanavalin A (Con-A) is carbohydrate-binding protein that is gaining attention 

in diabetes treatment due to its high glucose specificity [122].  Yin et al. produced a closed-

loop drug delivery system constituted by insulin-loaded and Con-A-based microspheres, 

integrated into a chitosan scaffold. The scaffold served as mechanical support and 

protection. Insulin delivery was achieved by degradation of the implant and subsequent 

erosion-dependent leakage of the microspheres. Results showed good biocompatibility 

and scaffold’s ability to maintain insulin bioactivity. The delivery of insulin was 

sustained for almost 12 days with low burst release [123].  

Eventually, as well as Con-A, PBA is a glucose-binding molecule characterized by 

great stability, easy preparation and flexibility. It is often used in swelling-based, 

degradation-based and competition-based drug delivery systems, especially in form of 

nanoparticles [112].  

5. Wound Healing 

Peripheral neuropathy and arterial disease, as well as a chronic inflammatory state 

and impairment in cellular functions, are commonly associated with diabetes and are 

among the main causes for diabetic foot and lower extremities ulcers. Particularly, 50% 

of the non-traumatic amputations of the lower limbs worldwide are caused by diabetes 

[124]. This last section will review some of the newest dressings for chronic wounds 

treatment. 

5.1 Wound Pathophysiology and epidemiology   

Skin is the largest organ in the body and acts as a protective barrier against external 

factors [125]. It Protects internal organs from several type of pathogens [125] and provides 

excellent regeneration properties [126]. Wound healing is the biological process through 

which skin can repair from damages and it involves the interplay of several types of cells, 
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growth factors, cytokine and chemokine [126]. This process can be divided into four main 

phases: homeostasis, inflammation, proliferation and remodelling [127].  

Homeostasis (0-7 hours) is characterized by platelets aggregation and consequent 

vasoconstriction, aiming to prevent blood loss. The exposure of the extracellular matrix 

(ECM) activates platelets that, subsequently, bind to the collagen filaments. To produce 

a blood clot and a provisional ECM for cells binding and movement, platelets start to 

secrete different types of proteins (e.g. fibronectin) and growth factors (e.g. platelet-

derived growth factor, transforming growth factor β) that are able to recall immune cells 

and fibroblasts. During inflammation phase (1-3 days), neutrophils and monocytes arrive 

on the injured site. Neutrophils start to produce oxygen reactive spices (ROS), in order to 

clean the wound, while monocytes differentiate into macrophages and phagocyte 

bacteria, dead cells, ECM residues and every sort of external agents. These immune cells 

secrete growth factors and chemokines that stimulate granular tissue formation. 

Particularly, macrophages-derived growth factors (e.g. platelet-derived, fibroblasts, 

interleukin I and VI, tumour necrosis factor α) activate fibroblasts, endothelial and 

smooth muscle cells and improves collagen deposition and thus ECM formation. At the 

end of this phase, macrophages phagocyte neutrophils. Proliferation phase (4-21 days) 

starts with the formation of granular tissue. Fibroblasts, keratinocytes and endothelial 

cells are recruited in the wound site to create new matrix and repair the damage. 

Fibroblasts produce collagen type III and all the other components of the ECM 

(such as glycosaminoglycan’s and proteoglycans), but also metalloproteins that have the 

specific task of degrading the provisional ECM. Furthermore, some fibroblasts 

differentiate into myofibroblasts and pull the wound edges in a process called wound 

contraction. Keratinocytes are recruited from the hair follicles and from the wound’s 

boundaries towards the middle in order to start the re-epithelialization process. 

Eventually, endothelial cells, stimulated by the presence of vascular-endothelial growth 

factor (VEGF), start an angiogenetic process to build new blood vessels aiming to 
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guarantee oxygen and nutrients supply to the growing tissue. In the remodelling phase 

(21 days - 1 year) fibroblasts and metalloproteins realign collagen fibres and convert 

collagen type III into collagen type I. At the end of the process, all the cells that are no 

longer needed exit from the injured site or undergo apoptosis. Finally, cells metabolic 

activity slow down and the new small vessels mature into larger vessels to complete 

angiogenesis [125–129].  

In acute wounds the skin strictly follows this path, with the healing process taking 

different amount of time according to size, location and depth of the wound, patient’s 

age and clinical history [127]. On the other hand, an impairment in this process could be 

the main cause for chronic wounds and hypertrophic scar/ keloid formation (abnormal 

and disorganized scar formation) [130–132]. Chronic wounds stall in the inflammation 

phase and are characterised by high levels of ROS, senescent cells  and proinflammatory 

cytokines [127, 129], as well as an intense metalloproteins and bacterial activity (e.g. 

Staphylococcus Aureus, Pseudomonas Aeruginosa, Proteus Mirabilis, Escherichia Coli) with 

subsequent ECM excessive degradation and biofilm formation [133].  

Burns and ulcers are very common types of chronic wounds. Burns are defined as 

any kind of chronic wounds caused by close and prolonged contact between the skin and 

a hot source, but also, as a consequence of the exposure to radioactive and corrosive 

materials [135]. Ulcers can form both on the outside of the body, especially in the lower 

extremities (e.g. venous ulcers, arterial ulcers, diabetic foot, pressure ulcers) [127, 136] 

and in the stomach (e.g. peptic ulcer) [137]. Vascular ulcers (e.g. venous and arterial) 

mainly develop because of venous/arterial fail in transporting blood, hypertension, 

atherosclerosis, vascular occlusion and subsequent ischemia [138, 139]. Diabetic foot 

ulcers are caused by hyperglycaemic-associated neuropathy, that progressively leads to 

a loss of protective sensation and improper ambulation, thus causing osteoarthropathy, 

skin dryness and tissue necrosis [140]. Pressure ulcers evolve due to prolonged exposure 
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of the tissue to pressure values that exceed a certain tolerable threshold and that 

ultimately lead to ischemia, injuries and necrosis [141].  

According to the World Health Organization (WHO), ~ 180,000 deaths every year 

can be attributed to burns injuries while Gohel reported that around 0.3-1% of the western 

world population suffer from chronic leg ulceration [138]. Before starting any kind of 

treatment, patient assessments is crucial step in order to inspect the wound site and 

identify significative data of patient’s clinical history [129, 142].  

To date, clinical treatments mainly rely on debridement (e.g. surgical, mechanical, 

biological, enzymatic, autolytic), infection prevention strategies (e.g. antibiotic and 

antimicrobial agents administration, hyperbaric oxygen therapy) and biological therapy 

such as growth factors administration [134]. To protect the injured site from external 

agents and mechanical trauma, the wound is furthermore covered with dressings in dry, 

liquid or semi-solid composition [143].  

5.2 Wound dressings 

To be effective in the treatment of chronic wounds, the employed dressings must 

be biocompatible, protect the injured site from mechanical trauma and counteract 

bacterial infections; also, they should provide thermal insulation, absorb exudates, allow 

gas and liquid exchange and painless removal [136].  

Generally, wound dressings can be divided into four main categories [136]: 

• Passive dressings simply provide protection against bacteria and mechanical trauma; 

• Interactive dressings allow gas exchange while acting as barrier; 

• Advanced dressings can keep moist the wound bed; 

• Bioactive dressings (e.g. for the delivery of bioactive compounds) play an important 

role in the healing process, thanks to their ability to guide and stimulate the tissue to 

self-regenerate.  
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Error! Reference source not found. gives a general overview of the most 

common dressings used in wound management. 

Gauze is the most widely employed and simple passive dressing that can be used 

in combination with other product and drugs. It is sterile, easily absorbs exudates and 

keep moist the wound bed. However, its removal is very often accompanied by 

secondary trauma [126].  

Instead, the gold standard as bioactive dressing are grafts [145]. Autografts are 

autologous pieces of tissue withdrawn from the same patient and sub-cultured in order 

to obtain a larger cellular sheet that can be used to treat the wound [146]. Allografts and 

xenografts are decellularized pieces of dermis, the first usually obtained from human skin 

(e.g. Alloderm® (Life Cells Corporation)) [147], the latter from animal dermis (often 

porcine, ovine and bovine derived) [148]. Limitations associated with their use are mainly 

due to the poor availability (depending on the number of donors in the case of allografts), 

long processing time and high possibility of viral transmission [145, 148]. To overcome 

these issues, new materials and new strategies are under investigation.  

One of the biggest concern about wound healing is the bacterial colonization of 

the injured site, so antibiotics have been largely employed during the years, leading to an 

increasing tendency towards the development of antibiotic resistance [149]. Therefore, 

biologically derived polymers (e.g. chitosan or alginate) or substances (e.g. honey, 

essential oils or metal ions) with natural antimicrobial properties have been extensively 

studied [149, 150]. 

Metal ions have shown an antimicrobial behaviour and when used in 

combination with polymers are capable of altering the mechanical properties of the 

structure that are included, which can be very useful in the case of hydrogels. To improve 

the mechanical and antibacterial behaviour of alginate, Zhou et al. exploited the optimal 

characteristics of this material as wound dressing (in combination with polyacrylamide) 

and the ability of divalent ions (e.g. zinc, copper, strontium and calcium) to counteract 
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infections. Their results showed that, among all the tested combinations, zinc-loaded 

scaffolds had the best antimicrobial performances against S. Aureus and E. Coli, plus they 

promoted wound closure, collagen deposition, granulation tissue formation and 

angiogenesis [151]. 

Vitexin is a plant-derived drug that showed some antibacterial, anti-

inflammatory and antiviral activities. Bektas et al. combined vitexin and chitosan to 

obtain a gel-based wound dressing which was able to improve the healing process and 

accelerate recovery. Tests were performed in both in vitro and in vivo, including 

cytotoxicity assay and wound healing assay, wound healing rat model and 

histopathological analysis. From the results, the synergistic activity of chitosan and 

vitexin was evident and this formulation significantly accelerated and improved the 

wound healing process, both in vitro  and in vivo, with no cytotoxic effects [152]. Chitosan 

has also used in combination with MNs technology to create a chitosan microneedle array 

to deliver drugs and prevent infections. The device designed by Chi et al. was loaded with 

VEGF by means of the temperature-sensitive polymer poly(N-isopropylacrylamide) 

(pNIPAM). It appeared from the drug release test that VEGF was successfully released 

from the device thanks to the smart behaviour of pNIPAM (that shrink at 37 °C, thus 

freeing the drug). Also, the device exhibited good antibacterial effects and promoted 

collagen deposition, granulation and vascularization (Fig.9) [153].  

Among the new manufacturing techniques, electrospinning has been employed 

also in the production of wound dressings. Gorbani et al. combined the properties of 

different materials to produce an eletrcospun nanofibrous scaffold made of PCL, collagen 

and Zein loaded with zinc oxide (ZnO) nanoparticles (NPs) and Aloe Vera (Alv). Zein 

can provide collagen with antimicrobial activity, thermal durability and bioactive 

properties (e.g. cell adhesion, proliferation and penetration). The PCL increases 

mechanical stability, ZnO can confer further antibacterial properties to the implant and 

Alv can promote hydration, collagen synthesis, fibroblasts infiltration and accelerating 
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the wound closure. They tested different Zein/PCL ratios, different collagen, ZnO and 

Alv concentrations; characterized the scaffold from a morphological and 

physicochemical point of view; performed mechanical tests, biological and drug delivery 

assays. Eventually, the optimal formulation was Zein/PCL (70:30) / collagen (20% wt) / 

Alv (8% wt) / ZnO (1% wt) and it proved to have good mechanical properties and 

excellent biocompatibility, as well as antibacterial activity and bioactivity [154]. 

Mancuso et al. have also used electrospinning for the development of an 

antibacterial mesh for soft tissue application by depositing layer-by-layer Manuka honey. 

The physicochemical characterization, biological and antibacterial tests showed that the 

addition of Manuka honey to the formulation did not alter the main characteristics of the 

scaffold and the layer-by-layer functionalization allowed a controlled release of the 

Manuka honey from the PCL electrospun fibres. Biological and antibacterial tests showed 

a good cytocompatibility and antimicrobial activity dependent on honey concentration 

and specific bacteria strain, in particular, activity against S. Aureus, E. Coli and 

P.Aeruginosa has been noticed [155].  

Manuka Honey has been also employed with pectin and chitosan-propolis 

particles to give antibacterial, antiseptic, anti-inflammatory, anaesthetic effects to a 3D-

printable ink, that has been used by Andriotis et al. to print a bioactive patch [156].  3D 

printing is an emerging technology that enables bioengineers to recreate complex 3D 

architectures in an easy and cost-effective way [157]. Wang et al. combined high voltage 

printing and 3D printing and designed a bi-layered membrane scaffold made of poly 

(lactic-co-glycolic acid) (PLGA) and alginate. The scaffold intended to recreate the by-

layered structure of the skin, in which PLGA was used as the superior layer to mime the 

epidermis and alginate was used as the inferior layer to mime the dermis. The final 

implant provided a moist and insulated environment for the wound, promoted 

inflammation and stimulated vascularization and collagen deposition [158]. 
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By means of 3D printing is also possible to encapsulate particles and drugs 

directly during the manufacturing process. Afghah et al. included silver nitrate particles 

in the formulation to provide antibacterial effects to a polycaprolactone-block-poly (1,3-

propylene succinate) (PCL-PPSu) 3D-printed scaffold. The implant’s degradation and 

hydrophilicity carried on cytotoxicity assays as well as antibacterial tests against S. 

Aureus, C. Albicans, E. Coli, P. Aeruginosa.  Especially concerning biological tests, results 

made it clear that the presence of silver nitrate (1% wt/wt) significantly enhanced the 

scaffold’s antibacterial behaviour, being more effective for E. Coli and C. Albicans. Also, 

the inclusion of silver nitrate in the formulation did not alter the cytocompatibility of the 

used materials [159]. 

Another approach is based on the topical delivery of growth activators or 

inhibitors, such as growth factors and nucleic acids, aiming to regulate the production of 

specific proteins during the healing [160]. Mandapalli et al., fabricated a multi-layered 

polyelectrolyte film by means of layer-by-layer deposition of chitosan and alginate, 

including epidermal growth factor (EGF) and small interfering RNA (siRNA) in the 

formulation. Thanks to the gene silencing features of siRNA, the production of 

transforming growth factor β (TGF-β), that is the main cause for hypertrophic scar 

formation, was inhibited. The device successfully improved the healing process 

enhancing re-epithelialization and controlling collagen deposition and scar formation 

[161]. 

It has been demonstrated that wounds can be sensitive to endogenous electric 

fields (EF), which is due to the presence of a natural electrical potential (transepithelial 

potential (TEP)) between the apical and the basal layer of the epithelium that is generated 

by the spatial and temporal variation of ions concentration and of ion channels 

distribution [162], [163]. When the skin is injured, TEP decreases and start to increase 

again, reaching its natural value, as soon as the healing process is completed [164]. Bhang 

et al. exploited this electrochemical phenomenon to manufacture a dermal piezoelectric-
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based patch able to generate an endogenous electric field. The movement-sensitive 

implant was made of PDMS and bidirectionally grown (BDG) zinc-oxide nanorods (NR) 

and it has been shown to promote wound healing and enhance cellular metabolism, 

migration and protein synthesis [165].   

6. Conclusions & Expert Opinion 

Common drug administration methods, such as injection, oral or even nasal route, 

can usually be low-cost or easy ways to deliver drugs but, most of the times, they are not 

effective or are accompanied by some important drawbacks [110, 113]. Injections can be 

used to quickly administer drugs in the systemic circulation, but hypodermic needles are 

not patient friendly [113]. Additionally, injected drugs, once administered, cannot be 

removed in case of adverse or allergic reaction [25]. Oral route is one of the most used, 

easiest and less invasive route of drug administration, but, before entering the hematic 

circulation, drugs bioavailability is often reduced due to first pass hepatic metabolism or 

degradation into the gastrointestinal (GI) tract  [113, 166]. Nasal delivery is a promising 

candidate to avoid liver metabolism, but there are still many challenges to overcome, 

such as mucociliary clearance, that could drastically reduce drug absorption [110]. In 

addition, another important aspect that has to be taken into account is patient adherence 

to the medical prescription. In some cases, to be effective drugs must be administered 

every day for long periods of time (as in the case of HIV and diabetes) and just one day 

of non-adherence can be extremely detrimental [7].  

Long-acting implantable devices gained attention during the last few years to 

overcome all the issues connected to the old route of administration. Thanks to drug 

molecules encapsulated within the implants, bioavailability and stability of the 

formulation could be effectively preserved and improved due to implantation at some 

strategical sites, fist pass metabolism and GI degradation, as well as any compliance-

related problem are avoided. Their specific design allows for a precise and timely 
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controlled drug release thus permitting a reduction of the administered dose. 

Additionally, implants can be removed in case of adverse reaction or drug exhaustion 

and in the case of biodegradable implants, there is no need for removal thanks to their 

ability to be absorbed from the body [4].  

Lately, smart implantable devices have been successfully investigated, making the 

mechanism of drug release even more precise. These implants can release a specific 

amount of drug in response to the presence of a predetermined biomolecule thus 

eliminating every over or under-medication problem and medication adherence [116, 

119]. 

Even if implantable devices could potentially revolutionize the drug 

administration process, they are subjected to some limitations and disadvantages. 

Implants still require invasive surgical operations to be inserted in the body and 

specialized personnel to perform implantation and explanation. These procedures, as 

well as the constant presence of a foreign object in the body, may cause patient pain and 

discomfort. Furthermore, their fabrication is way more expansive thus making difficult 

industrial-scale production [4].  

Despite all these disadvantages, long-acting implantable devices are a very 

promising tool to allow a smart and effective drug administration. Many groups are 

carrying on research in this field, developing new devices using innovative technologies 

(e.g. 3D printing, Microfluidics, MEMS, electrospinning) and are investigating to 

overcome all the related limitations, using new materials, natural drugs and to make 

them smaller, more comfortable and patient-friendly, and implantable with a less 

invasive insertion procedure. Finally, many efforts have been focused on biodegradable 

materials in order to reach a better acceptance from the body and to avoid any further 

removal and surgical operation.  
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Figures Captions 

 

Fig. 1: Mechanism of action of some antiretroviral drugs [20]. 

 

 

Fig. 2: Core matrix IVR, a) Photo of the device. b) and c) device cross sections [40]. 
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Fig. 3: Subcutaneous implant by Johnson et al. On the left, schematization of the device 

in which A represents the drug core, B the rate-controlling membrane and C PCL caps. 

On the right, photo of the same device [44]. 
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Fig. 4: Cross sectional, top and bottom view of refillable nanofluidic implantable device 

by Chua et al. (adapted [45]). 
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Fig. 5: (a) Zn-Cu biodegradable stent (adapted from [82]) (b) PLA 3D-printed heparin-

coated biodegradable stent (adapted from [83]). 

 

 

Fig. 6: Bioresorbable electronic stent [87]. 
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Fig. 7: Different types of MNs array used in transdermal drug delivery. a) Solid, b) 

hollow, c) reservoir-based swelling, d) drug loaded – including coated, e) dissolvable, f) 

drug encapsulated swelling. The working principle between reservoir-based swelling 

and encapsulated drug swelling is the same, the main difference stands in the reservoir 

position: in the first, the reservoir adheres to the backing of the MNs patch, in the latter 

the drug is encapsulated within the needle body [110]. 
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Fig. 8: PCMs system developed by Kim et al. a) Needles preparation, b) insulin powder 

loading and device administration c) mechanism for insulin delivery [114]. 
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Fig. 9: Chitosan microneedles by Chi et al. a) Optical image, b) micrograph, c) SEM and 

d) surface microstructure[153].  


