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Abstract 

The limited ability to selectively deliver drug molecules at well-defined dosing regimens 

remains a significant challenge. Therefore, the delivery of effective therapies relies on the 

improvement of current carriers. Due to the clear lack of novel drugs and patent expiry of 

blockbuster molecules, novel drug delivery systems need to be used and teach new tricks to 

old drugs. Thus, the fundamental question, which will be answered in this editorial, is how 

we move from the current treatment approaches to an innovative one by using new drug 

delivery devices.  
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1. Introduction 

Modern methods of drug discovery employing high-throughput screening has led to 

numerous new chemical entities (NCEs) and biological molecules with significant therapeutic 

potential, which has led to new treatment options for patients and advance health care. 

However, properties of molecules such as poor solubilities, dosing regimen and/or 

administration related challenges, limits successful patient/market uptake. Basic chemical 

approaches (e.g. prodrug synthesis) to facilitation of oral absorption of NCEs have had 

limited success. On the other hand, advances in biotechnology have produced 

macromolecules/biologics whose hydrophilic character, high molecular weights and short 

half-life, necessitating frequent administration – mostly via injections. Such difficulties have 

hampered clinical development, reducing revenues for the pharmaceutical industry and 

denying patients access to novel treatments. Pharma companies patent new drugs early in the 

drug discovery process to protect their intellectual property. To continue their protection from 

competition on the market, companies often tend to extend their patents by reformulating a 

drug. For example, controlled release delivery systems are often used to provide constant 

delivery for long-term, produce localised therapeutic effect, reduce side effects, enhance 

efficacy of treatment and improve patient compliance.  

 

Innovate manufacturing techniques can help realise novel drug delivery systems to provide 

potentially successful solutions to overcome the above challenges in the delivery of 

NCEs/biologics. The focus of this editorial will be on the use of innovate manufacturing 
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technologies, such as 3D printing (3DP), electrospinning (ES), microfluidics 

(micro/nanoparticle formulation and chip manufacturing) and microelectromechanical 

systems (MEMS) to produce novel drug delivery systems.  

 

2.  Advanced manufacturing of drug delivery systems 

 

2.1 3D Printing 

There have been a number of breakthroughs and major advances in drug delivery systems 

(DDSs), due to the development of modern fabrication techniques. Although 3DP and ES 

have been widely used in other industries, these technologies are relatively new to 

pharmaceutical and medical device manufacturing (Figure 1) and can be used to address 

some of the present limitations in drug manufacturing. 

 
Figure 1: Examples of 3D-printed and electrospun systems in pharmaceutical and medical 

device manufacturing. 3D printing paracetamol containing tablets (A), microneedles (B) and 

antioxidant wound dressings (C). Electrospun mesh containing levofloxacin (D). Reproduced 

with permission from: [1], [3], [7] and [8]. 

 

3DP, or additive manufacturing (AM), is a family of technologies that add materials layer-by-

layer to fabricate physical models, based on a computer-aided design (CAD) model. 3DP 

permits fabrication of high degrees of complexity with great reproducibility in a fast and cost-

effective fashion. 3DP technology offers a novel manufacturing platform for direct 

fabrication of individual dosage forms (e.g. multi-drug implants, tablets) and has the potential 

to allow variations in their size and geometry, as well as to control dose and release 

behaviour [1]. Furthermore, the low cost and ease of use of 3DP systems means that the 

possibility of manufacturing medicines and medical devices at the point of dispensing or the 

point of use could become a reality [2]. The potential of this cutting-edge technology in drug 
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delivery was first realised in August 2015, with approval by the US Food and Drug 

Administration (FDA) of the first ever 3D-printed drug product, the orally administered tablet 

Spritam® (levetiracetam). 3D printed systems, allow more efficient drug delivery as due to 

their geometry/design are capable of providing sustained/unattended drug release (e.g. 

vaginal rings and implants [4]) and the possibility of administering drug across biological 

barriers (e.g. microneedles, [3]). This type of devices were difficult to prepare a few decades 

ago and now due to the versatility of 3DP, researchers can prepare prototypes in a quick and 

efficient way. The technology has also been used for the formulation (printing) of 

conventional pharmaceutical products such as oral dosage forms. 3DP can be used to 

combine drugs with a wide variety of materials. This is especially interesting for the 

formulation of poorly water-soluble active pharmaceutical ingredients (APIs) achieving 

amorphous solid drug dispersions, which is a challenge and is not easy to be achieved by 

traditional formulation methods [5]. Finally, this technology was recently used to print 

therapeutic proteins, which allows the design of biologically active inks [6]; this approach 

opens the use of printers in the area of biologics. There are still open challenges regarding the 

administration of biomolecules, as they are mainly administered using injections. In 

conclusion, 3D printing provides easier production of complex formulations, new drug-

delivery devices prototypes, improve the preparation of poorly-water soluble drug products, 

the possibility of having many drugs in a single dosage form, and the formulation of co-

crystals. 

 

2.2 Electrospinning 

ES is a fabrication technique that has been widely explored within the scientific field and, in 

particular, within the creation of DDSs. ES technologies (manufactured via solution or melt 

process) can be used for the fabrication of nanofibers for a variety of drug delivery and 

tissue-engineering applications, for instance, films, mesh implants or wound healing [8]. ES 

provides continuous drying technology allowing rapid and gentle drying at ambient 

temperature. Accordingly, it is a viable alternative to freeze-drying and spray drying, opening 

new horizons in this field such as the delivery of biopharmaceuticals for oral administration 

[9]. The majority of delivery routes investigated over the years to provide the administration 

of drug molecules by electrospun systems, including oral, buccal etc. For example, macro and 

micro molecules captured in nanofibers as film-based DDS were delivered by oral route, 

electrospun scaffolds have delivered proteins or vaccines by buccal or sublingual route, and 

has been also used to prepared electrospun scaffolds as ocular inserts to treat inflammation or 

infections [10]. Moreover, the technique has been used to integrate a number of key drugs, 

such as ampicillin, cefoxitin, tetracycline and triclosan into FDA approved polymers (natural 

or synthetic). Oral films of water insoluble drugs can also be formulated by this method. For 

example, electrospun nanofibers produced by incorporating cyclodextrins have found to 

possess a hydrophobic molecular-environment for drug entrapment, which significantly 

increases water solubility of hydrophobic drug molecules [9]. 

 

2.3 Microfluidics 

Advances in manufacture of controlled release or targeted drug carriers such as liposomes 

and polymeric [e.g. poly(lactic-co-glycolic acid) (PLGA)] micro or nanoparticles, especially 
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with the use of microfluidics, will enable more efficient and safer manufacturing of numerous 

drugs products. Microfluidic methods allow a high degree of control over the physical 

properties of the final nanoparticles, in order to obtain homogeneous vesicles in terms of size 

and lamellarity in one-step [12]. Figure 2I shows the use of microfluidics to prepare different 

types of emulsions. Microfluidic devices display exceptional advantages for the development 

of efficient drug carrier particles, as rapid techniques for direct drug screening (e.g. plasma 

drug level monitoring), for dilution or mixing of chemical reagents, and on the formulation of 

microfluidic systems with self-contained reservoirs that provide continuous drug release over 

an extended period [13]. Microfluidic devices also provide several other advantages such as, 

needing only small sample volumes (which is important for expensive molecules like proteins 

and peptides), providing high-throughput screening or allowing control of crystallisation (e.g. 

protein crystallisation by microfluidic method), and be used  as a tool for drug delivery and 

diagnostics [14]. 

 
Figure 2: Schematic illustration of microfluidic platforms used to fabricate different types of 

emulsions (I).  Illustration of a MEMS drug delivery pump for treatment of ocular diseases (II 

a and b). Reproduced with permission from [17] & [18].  

 



5 
 

The combination of 3DP and microfluidics has also been explored. The manufacturing of 

microfluidic chips using 3DP is changing this field by producing more sophisticated and 

personalised devices. Another advantage of this technology in the area of poorly soluble 

drugs is the formulation of particles with high loading capacity, sustained release and targeted 

drug delivery. A continuous microfluidic flow-focusing method has also been engineered, 

providing a rapid, efficient and low-cost formulation of hydrophobic molecules (e.g. 

tamoxifen) with high encapsulation efficiency (EE) [15]. Moreover, microfluidic systems 

have also been used for the formulation of nanoparticles (e.g. liposomes, cationic niosomes) 

containing biopharmaceuticals, such as, SiRNA and proteins [16]. 

 

2.4 Microelectromechanical Systems (MEMS) 

MEMS can be used to produce multi-faceted electrical, mechanical, fluidic, thermal and 

magnetic devices or systems on a scale ranging from cells to organs, which enables them to 

be applied in many areas in biology, medicine, biomedical engineering and drug delivery 

[19]. The application of MEMS technology, therefore, opens up the possibility of mass-

produced, cheap, small, reusable and electronically-interfaced sensors in these fields. Figure 

2II shows a specific example of a MEMS device used of ocular drug delivery. MEMS can be 

efficiently applied in the fabrication of cost-effective MNs, improving the effectiveness of 

transdermal drug delivery (TDD). MNs allow transdermal and intradermal administration of 

both macromolecules (e.g. proteins, antibodies, peptides, vaccine antigens) and small 

molecules, including poorly-soluble drugs. Administration into the viable skin allows local 

treatment of skin lesions and targeting of the rich population of professional antigen-

presenting cells situated therein for enhanced vaccination, thus obviating the need for 

hypodermic needles. Systemic absorption through the rich dermal microcirculation allows 

bypass of gastrointestinal absorption and first-pass metabolism. Delivery of renally-excreted 

antibiotics transdermally using MNs avoid interaction with the gut microorganisms, 

potentially preventing development of resistance in this population and thus extending the 

useful lifespan of existing antibiotics until new drugs become available. MEMS drug delivery 

pumps have also been investigated for the treatment of ocular diseases, including diabetic 

retinopathy, glaucoma, retinitis pigmentosa or age-related macular degeneration [18], which 

has the potential of providing on-demand and localised drug delivery unlike conventional 

drug delivery systems (e.g. micro/nanoparticles and biodegradable implants) that are 

currently under development to treat these conditions.  

 

3. Conclusion 

Considering the recent achievements and technological challenges, new and smart (e.g. with 

the use of MEMS) drug delivery devices have the potential to create patient-matched 

systems, reduce manufacturing time and increase the chances of incorporating various drugs. 

Current research and development (R&D) pipelines for antibiotics in particular have slowed 

down. Therefore, the input of emerging technologies such the ones that are covered in this 

editorial are needed; Table 1 provides the merits and weakness of all four manufacturing 

technologies. These can be used for the manufacturing of systems for the delivery of 

pharmaceutical and biopharmaceutical products from batch (in the laboratory) to continuous 
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manufacturing (industrial scale) and potentially, overcome some of the issues with current 

manufacturing and deliver more effective therapies. 

 

Table 1: An example of merits and weakness of ES, 3DP, microfluidics and MEMS for 

pharmaceutical applications. 

 

Manufacturing Technology Merits Weaknesses 

3D Printing 

 Low cost. 

 Multi-purpose materials. 

 Design to precise DDs 

 Easy manufacture of 

complex formulations. 

 Use of poorly-water soluble 

drugs. 

 Large choice of starting 

material. 

 Nozzle clogging. 

 Limited resolution. 

 Slow. 

 Sterilisation*. 

 Limited scalability 

of certain types of 

3D printing. 

Electrospinning 

 Efficient Encapsulation. 

 Enhanced biomolecule 

functionality.  

 Suitable for many polymers. 

 Relatively inexpensive 

technique. 

 Scalable. 

 Difficult to make 

large volumes of 

scaffolds. 

 Toxic solvents. 

 Fibber thickness 

(not consistent). 

 Jet instability. 

 Sterilisation*. 

Microfluidics 

 Low cost. 

 Low volume Samples. 

 Real time process control and 

monitoring. 

 Easy and fast setup. 

 Cheap and disposable. 

 Flow rate response 

times. 

 Limited 

scalability. 

 Sterilisation*. 

MEMS Devices 

 Cheap. 

 Reliable and Accurate. 

 High Sensitivity. 

 Accurate controlled of 

release. 

 Prior knowledge is 

needed to integrate 

MEMS devices. 

* Sterilisation is a limitation for all described techniques. The final product will require 

sterilisation or to be prepared under aseptic conditions. 

 

4. Expert Opinion 

Countless potentially useful drugs remain on the shelves of pharmaceutical companies due to 

poor solubility while biotechnology-derived therapeutics, whilst highly effective for an ever-

increasing range of conditions, must typically be given by injection. On one hand, patients 

are not able to access potentially revolutionary small molecule drugs, whilst on the other 

hand they must endure painful injections that often must be administered in a hospital setting 

at frequent intervals. Traditional approaches used for decades in the pharmaceutical industry, 

such as chemical manipulation to enhance aqueous solubility, for example, are only effective 

at getting a molecule “across the line” if a clinically relevant plasma concentration of a small 
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molecule is just within reach. Even then, bioavailabilities can be in single digits, leading to 

significant wastage and side effects. Various penetration and stability enhancing excipients 

have been employed in oral administration of macromolecules of biological origin. However, 

bioavailability is, again, often very poor. Additionally, poor localised drug levels at the site of 

action, frequent administration and need for extension of patents by the innovators 

necessitates innovative approaches. DDSs (e.g. liquid crystal dispersions, micellar solutions) 

developed up to the 2010s have shown promise in terms of enhanced delivery efficiency, but 

with the notable exceptions of hot-melt extrusion (HME), have typically lacked scalability 

and optimised/on-demand/intelligent delivery. The latest can be address by 

MEMS/microfluidics, which are considered as intelligent and on-demand systems. The rapid 

pace of recent development of microfabrication techniques offers potential solutions to these 

issues. 

 

ES, microfluidics and MEMS all offer the capability of enhancing administration of difficult-

to-deliver molecules, while being inherently scalable to levels of mass production. MEMS 

devices are scalable, easy and cheap to be manufactured, and have been used in the clinic for 

a variety of applications such as: blood pressure sensors, analytical components (lab-on-

chip), and as biosensors. Microfluidic systems have shown that are feasible for future 

translation into the clinic, with their scalability been still an active area of research but 

feasible, which requires architecture and materials able to support higher internal pressure for 

mass production. Are many scale-up challenges for ES and 3DP technologies, especially for 

the manufacturing of thousands of pharmaceutical tablets per days with 3DP, for example. 

However, the technologies can be used in a hospital environment for the delivery of specific 

drug molecules and for personalised medicine, for example, in the future the doctors will be 

able to request (or produce) bespoke medicines and DDSs, using appropriate drug molecules 

in case a patient is allergic to a specific one. 

 

The described techniques allow flexibility to manufacture novel drug delivery systems 

capable of bypassing biological barriers, provide prolonged therapy for chronic conditions or 

allow on-demand drug release. These are key capabilities for future therapies that will 

improve patient compliance and quality of life. 
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