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Abstract  

Non-oral long-acting drug delivery systems (LADDS) encompass a range of 

technologies for precisely delivering drug molecules into target tissues either through 

the systemic circulation or via localized injections for treating chronic diseases like 

diabetes, cancer, and brain disorders as well as for age-related eye diseases. LADDS 

have been shown to prolong drug release from 24 hours up to 3 years depending on 

characteristics of the drug and delivery system. LADDS can offer potentially safer, 

more effective, and patient friendly treatment options compared to more invasive 

modes of drug administration such as repeated injections or minor surgical intervention. 

Whilst there is no single technology or definition that can comprehensively embrace 

LADDS; for the purposes of this review, these systems include solid implants, inserts, 

transdermal patches, wafers and in situ forming delivery systems. This review covers 

common chronic illnesses, where candidate drugs have been incorporated into LADDS, 

examples of marketed long-acting pharmaceuticals, as well as newly emerging 

technologies, used in the fabrication of LADDS. 
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1 Introduction 

      Conventional immediate-release delivery systems have been critiqued for not being 

able to consistently provide optimum therapy for chronic disease conditions, as well as 

for their potential to induce adverse effects. This is mainly due to the typical rapid and 

pulse-release and absorption patterns of their drug cargo leading to rapidly fluctuating 

systemic drug concentration [1]. For locally administered drugs (e.g. ophthalmic and 

dermal routes of administration), this mode of release is likely to expose the tissue at 

administration site to high local concentrations of the drug which again could lead to 

erratic drug absorption as well as undesirable effects [2].  

     Long acting-delivery systems (LADDS) have been shown to be successful in this 

context. For example, both oral bioavailability and tolerability of baclofen were 

enhanced when formulated in sustained-release floating beads, compared to immediate 

release baclofen tablets [1]. With the local route , the in vitro irritation scores of 

curcumin in situ gelling inserts were significantly lowered compared to those of 

curcumin suspension [2]. 

      LADDS date back to the first long-acting implanted pellets containing testosterone 

derivatives that were reported in the late 1930s [3]. This pharmaceutical breakthrough 

opened the door for other implantable devices for estradiol for prostate cancer. This was 

followed by the introduction of ‘depot’ systems which are one of the well-established 

long-acting injectable liquid dosage forms. These ‘’depots’’ can be defined as dosage 

forms where drugs are formulated as an aqueous suspension or as an oily/non-aqueous 

solutions or suspension. They offer numerous advantages, such as prolonged drug 

action, ease of manufacture and improved patient adherence [4]. Antipsychotic drugs 

and steroidal hormones have been successfully commercialized as long-acting 

therapeutic alternatives [4]. With the advances in the areas of biomaterials and polymer 
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science, innovative LADDS have been developed and entered the preclinical and 

clinical phases of drug development. They include injectable implants, in situ forming 

implants, inserts, wafers, transdermal patches, microspheres and nanoparticles (Figure 

1) [5]. 

1.1 Implantable LADDS for systemic and topical routes of administration 

      Implants as drug delivery systems can be designed for either systemic or local 

medicinal effects. They can be injected via subcutaneous, intramuscular, or intravenous 

routes for systemic effects. While for localized drug effects (e.g. ocular implants and 

intracranial wafers), loaded drug molecules act mainly locally, with negligible 

absorption into the systemic blood circulation [6].  

     Broadly speaking, implants are considered as controlled drug release systems that 

consist of polymeric materials which are either biodegradable or non-biodegradable. 

However, most implants are designed using biodegradable polymers to overcome the 

need for a procedure to remove the device. Polymers used with biodegradable implants 

can be divided into natural polymers such as polysaccharides (e.g., cellulose 

derivatives, sodium alginate, dextran, chitosan and hyaluronic acid), polypeptides (e.g., 

collagen, elastin and albumin); and synthetic polymers (e.g., PLGA and PCL etc.). In 

situ forming drug delivery implants (ISFI) are polymeric solutions or 

suspensions/dispersions having the convenience of being in a liquid form when being 

administered using conventional dispensers and needles into a specific target site. Upon 

administration, the polymer solution undergoes a phase-change into a semisolid or solid 

implant. The drug molecules/particles are entrapped or encapsulated inside the formed 

in situ matrix. Examples of polymers that can form ISFI includes Pluronics and PLGA 

[7]. 
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     Factors that can trigger the phase transition of these systems include, temperature, 

ionic strength, pH, solvent exchange, and light. In situ gelling delivery systems allow 

both local and systemic drug delivery. These systems act as a platform to incorporate 

other drug delivery systems such as nanoparticles, liposomes, nanomicelles and 

microemulsions, that can modulate the rate of drug release [8, 9]. Application of in situ 

forming systems include delivery of drug molecules to the eye, nose, skin, vagina, brain, 

and tumors. Recently, Vigani et al [8] reviewed the advances in the development of in 

situ forming systems that have been developed in the last decade.  

1.2 In situ forming LADDS 

     In situ gelling systems are commonly used in commercially available ophthalmic 

formulations for the management of anterior eye diseases (e.g., Timoptol XE® and 

Timolol GFS®). Current research focuses on optimizing these systems to achieve 

extended-release properties to increase bioavailability of the incorporated therapeutic. 

Application of in situ gelling inserts in the delivery of therapeutics to the anterior 

segment of the eye has been evaluated. Recently, Abdelkader et al [2] reported on 

curcumin in situ gelling polymeric insert with enhanced ocular performance. The 

authors demonstrated prolonged precorneal residence time of curcumin from these 

inserts up to 150 minutes  [2]. Destruel et al [10] reported on the use of gellan gum and 

hydroxyethyl cellulose in enhancing the retention of cyanine dye after administration 

to the eye of rabbits. The residence time of this formulation in the conjunctival sac was 

greater than 3 hours, which can result in enhanced bioavailability of the incorporated 

drug [10]. Gellan gum has been used to enhance the retention of a nanoemulsion 

modified with a cell penetrating peptide in the conjunctiva of Sprague-Dawley rats. 

This formulation was reported to significantly increase corneal retention of fluorescein 

when compared to a control [11] .   
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     Furthermore, in situ gelling systems have been used for the delivery of therapeutics 

to the posterior segment of the eye. Methoxy-poly(ethylene glycol)-block-poly(lactic-

co-glycolic acid) (mPEGPLGA-BOX), a thermosensitive and biodegradable triblock 

polymer, has been used to deliver bevacizumab to the retina of rabbits and effectively 

inhibit angiogenesis [12]. This formulation undergoes solution to gel transition upon 

administration into the vitreous and has been shown to release the incorporated protein 

therapeutic for up to 30 days [12].  

     Dai et al [13] reported on the use of an organogel system to deliver flunarizine to the 

brain of rabbits following administration to the conjunctival sac. Organogels are 

semisolid systems that comprise a liquid organic phase, locked within a three-

dimensional polymeric network. They are known to increase the bioavailability of both 

hydrophilic and lipophilic compounds. The authors developed an organogel that 

undergoes sol to gel transition upon administration to the eye and provides sustained 

release of the incorporated lipophilic compounds. Reported pharmacokinetic 

parameters showed that this organogel system was superior to equivalent  solution 

formulation as it increased the absolute bioavailability by 2-folds and the AUC by 3-

folds [13]. 

     In situ gelling systems are used to administer drugs to the nose, for the management 

of both local and systemic diseases. The use of the intranasal route to bypass the blood-

brain-barrier and deliver drugs directly to the central nervous system (CNS) is indeed 

of interest. Deacetylated gellan gum has been used to enhance intranasal retention of a 

nano-suspension of Breviscapine, a flavonoid glycoside used mainly as an 

anticoagulant [14]. Gellan gum is also used in delivering Flibanserin loaded 

nanostructured lipid carriers via the intranasal route to the brain [15]. Other polymer 

combinations used in the formulation of in situ gelling systems for intranasal 
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administration include poloxamer 407/poloxamer 108 [16], poloxamer/chitosan, 

carbopol/hydroxypropyl methylcellulose/alginate [17], carboxymethyl chitosan/starch 

[18], deacetylated gellan gum/hydroxy propyl methylcellulose [19] and methylcellulose 

[20]. It is worthwhile noting that other strategies to enhance drug permeability across 

the nasal mucosa, such as the use of cyclodextrins [21] and nano structured carriers [14, 

15] have been reported. 

     A key challenge of administering medications via the rectal, vaginal, and intrauterine 

routes is their poor retention and rapid expulsion from the site of administration, 

especially of aqueous formulations. Therefore, in situ gelling systems are often used to 

promote better retention and reduce frequency of administration of rectal, vaginal, and 

intrauterine formulations. Chen et al [22] reported on the use of Pluronic F127, Pluronic 

F68 and hydroxypropyl methylcellulose (HPMC) K4M to develop a thermosensitive in 

situ gelling system that increased the in vivo bioavailability of budesonide, which is 

commonly used to manage ulcerative colitis [22]. In this study, HPMC K4M was 

primarily incorporated in the developed formulation to provide bioadhesion whereas 

Pluronics were used to provide thermo-responsiveness (at 30 oC). Pharmacokinetic data 

showed that the gel formulation doubled the Tmax (from 0.36 hour for solution 

formulation to 0.71 hour for the tested gel formulation) and significantly increased the 

AUC of rectal budesonide [22].   

     Yao et al [23] reported on the use of multiple polymers to optimize gelation behavior 

of an intrauterine drug delivery system. They reported on the use of Aloe Vera to reduce 

the gelation temperature of poloxamers where the developed AV-poloxamer hybrid 

hydrogel system underwent solution to gel transition at about 30℃. This platform was 

used to embed and deliver nanoparticles of beta estradiol (E2) to the endometrium of 

rats for up to 7 days via the intrauterine route [23]. 
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      External triggers such as ultrasound can also be used to modulate rate of drug 

release from in situ gelling systems. mPEG-PLGA-BOX diblock copolymer is such a 

system that was shown to alter drug release rate upon application of an ultrasound 

energy. The thermo-gelation of this polymer solution is dependent on polymer and drug 

concentrations where the release of drug from this polymeric matrix could be modulated 

using ultrasound. This system was reported to provide drug release for up to 7 days, 

demonstrating the desirable sustained release properties of this formulation [24]. 

     In situ gelling systems were also explored as platforms to deliver anti-cancer drugs 

to tumors as post-surgical implants as these are highly malleable and easy to use [25].  

Zhuang et al [25] developed and reported on the use of a Schiff base-based in situ 

forming hydrogel to deliver two anti-cancer drugs to manage breast cancer. This 

hydrogel supported the breast as post-tumor resection implants. The hydrogels were 

prepared by the combination of aldehyde hyaluronic acid and carboxymethyl chitosan. 

Gelation time varied from 40 to 160 seconds and was dependent on the oxidation degree 

of the aldehyde hyaluronic acid. The authors investigated the efficacy of this gel system 

in simultaneously delivering two anti-cancer drugs, doxorubicin hydrochloride and 

gemcitabine hydrochloride in mice. The tumor recurrence was completely prevented by 

the dual drug loaded gel system at day 12. The tumor recurrence of controls groups was 

reported as 83% and 100% for doxorubicin/gemcitabine solution and blank gel groups, 

respectively. This study highlighted the potential use of in situ forming gels as implants 

to provide sustained release of anti-cancer drugs to prevent tumor recurrence [25]. 

     Poly (ethylene glycol)–poly(valerolactone)–poly(ethylene glycol) [PEG–PVL–

PEG] block copolymers were synthesized and evaluated as thermo-gelling systems for 

subcutaneous delivery of two model drugs dexamethasone and 5-fluoruuracil. These 

new polymers were found to be biocompatible, biodegradable and were capable of 
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undergoing sol-to-gel phase change at physiological temperature. The investigated 

block copolymer gave rise to gels that maintained their integrity for seven days post 

subcutaneous injection [26].  

Implantable drug‐delivery systems fabricated using electrospinning of nano-fibers have 

been recently identified as an promising therapeutic approach for localized cancer 

treatment to prevent possible cancer relapse [27].  

2 Advantages of polymeric LADDS 

     In addition to the previously mentioned advantages of LADDS, such as improving 

the efficacy and safety of many drugs by modulating their drug release and prolonging 

their retention at administration / target site; other advantages include: 

• To minimize repeated needle potential injuries, providing local therapy to brain, 

joints, eyes, as it will be discussed in detail in the next section.  

To enhance patient compliance; firstly, treatment compliance of special 

population groups (e.g., elderly patients); those patients might encounter 

difficulties swallowing; and to tackle poor adherence to treatment of patients 

under specific clinical settings. For example, some patients do not get the 

expected benefit of using antipsychotic drugs. Recurrent relapses and frequent 

hospitalization due to exacerbations have been reported with conventional drug 

therapy [28].  

• To enhance oral bioavailability of some drugs by bypassing absorption barriers 

and the hepatic first pass metabolism. For example, Nitroderm TTS 5 and 10 

mg of nitroglycerine is a transdermal patch that deliver the anti-anginal drug to 

the systemic circulation through the skin and avoiding the extensive first pass 

metabolism [29].  
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•  To promote targeting and minimize the multi-organ toxicities of extremely 

poorly soluble, yet highly potent chemotherapeutic drugs. For example, 

paclitaxel is a practically insoluble (< 1µg/ml) anticancer drug; surfactants such 

as Cremophor® and Tween 80® were used to solubilize paclitaxel; however, the 

conventional injection solution of paclitaxel has been associated with strong and 

side effects. Paclitaxel-loaded into polymeric micelles and nanoparticles have 

been successfully used to enhance paclitaxel targeting and reduce possible site 

reactions (local irritation) post-injection [30]. 

• To reduce unwanted systemic toxicity by offering a local action at the target 

area. For example, Gliadel® wafer contains 7.7 mg of the anticancer drug 

carmustine; this completely biodegradable wafer is designed to be placed 

intracranially in the resection cavity. Gliadel® wafer circumvents the blood 

brain barrier, reduces systemic toxicities and provides direct, prolonged, and 

high dose of the alkylating drug to residual cancer cells [31]. 

 

3 Potential candidate drugs for long-acting 
injections/inserts/implants/patches/wafers  

     Pain killers used to alleviate moderate to severe pain such as the opioid drug fentanyl 

have been successfully commercialized as long-acting and non-invasive transdermal 

patches. Durogesic® 1.25, 2.5, 5, 7.5 and 10 mg of fentanyl per patch provides 

controlled release of the analgesic drug at a rate of 12, 25, 50, 75 and 100 µg/hour, 

respectively (Table 1). A drug reservoir is basically composed of the drug fentanyl and 

hydroxyethyl cellulose with an ethylene-vinyl acetate copolymer membrane.   

      Biopharmaceuticals (biologicals or biologics), include proteins, peptides, nucleic 

acids, vaccines, gene therapy, living cells, blood products or tissues that have 
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therapeutic applications. One class of biologics that is of particular importance to 

suppress pathological neovascularization and is of clinical value in cancer, and retinal 

diseases is the anti-vascular endothelial growth factor (anti-VEGF) [28]. LADDDS are 

likely to improve efficacy and safety of such biopharmaceuticals [32]. The anti-VEGF 

medicines are ideal candidates for long-acting implantable drug delivery. The VEGF is 

known to be upregulated in pathological neovascularization of the retina and macula. 

Bevacizumab (Avastin®), Ranibizumab (Lucentis®), and Aflibercept (Regeneron®) 

have been approved and used in clinical practice in many parts of the world. 

Conbercept, Brolucizumab, Abicipar Pegol and Faricimab are still under clinical 

investigation [33, 34]. These biopharmaceuticals are available in the market as a 

solution for injection into the vitreous of the eye on regular basis. Patients would require 

between 9-12 injections during the first year of diagnosis of diabetic retinopathy, wet 

age-related macular degeneration and macular edema [35]. Unlike steroid implants, 

these Anti-VEGF injections are only available as immediate release formulation, hence 

the desperate need for long-acting ocular formulations. 

Other drugs that can be considered for formulation as LADDS include antipsychotics, 

anticancer drugs, contraceptive and anti-inflammatory steroids. LADDS can promote 

improved local drug delivery to specific organs (brain , joint, anterior and posterior 

segments of the eye) [28, 36, 37]. As discussed earlier, intracranial placement of 

Gliadel® wafer is a well-established adjunct therapy to surgery for glioblastoma 

patients; it offers  an increased survival rate and reduced number of deaths compared 

with placebo [38]. The steroid implants (Ozurdex® and Retisert®) can offer long-acting 

local treatment of retinal diseases for up to 6 and 30 months respectively without the 

well-known systemic side effects of steroids [35, 36]. Patients benefit from these 
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implants by minimizing the number of visits to the clinic to receive their monthly 

intravitreal injection of conventional corticosteroid injectable suspensions.  

      

4 Chronic diseases that may benefit from long-acting drug 
delivery using patches/inserts/wafers/implants 

4.1 Cancer 

     Cancer remains a major human life menace due to its reported hallmarks (Figure 2), 

[39]. In recent decades, remarkable improvements have been made for earlier cancer 

diagnosis combined with more efficient therapeutics to increase the life span of cancer 

patients, even for those suffering from advanced cases where there is usually a low 

chance of patient survival (Figure 2)  . 

     Although current standard cancer treatment approaches including chemotherapy, 

radiotherapy and more recently immunotherapy have enabled many patients to live for 

years after being diagnosed, finding that elusive ‘‘magic bullet’’ to specifically target 

cancerous cells have long been the goal [40]. Nevertheless, there are several hurdles 

against delivery of chemotherapeutic agents to the tumor sites. These drawbacks 

include limited bioavailability, serious side effects due from non-target drug 

distribution, development of multiple drug resistance and the need for high doses and 

repeated drug administration for relatively longer periods of time [41]. 

     The potency and specificity of anti-cancer agents has been improved in the past 

decades. The systemic side effects of chemotherapy necessitate the direct delivery of 

therapeutic molecules to the tumor site. Furthermore, the need for administration of 

large quantities of anti-cancer drugs has significantly limited the impact of allowable 

maximum dose of drug molecules in the chemotherapy [42] . 
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     Antitumor potency of chemotherapeutic agents can be augmented by improving the 

method of drugs administration; implementing methods which provide drug release in 

a targeted, controlled, sustained and long-acting manner at the tumor site. Thereby, 

engineering efficient and safer drug delivery systems has been a topic of interest [43].   

     The increase in the number of surviving patients with cancer alongside the 

advancements in current diagnosis and treatment approaches has changed the 

perception of cancer from an inevitably fatal into a more manageable disease similar to 

other chronic diseases [44, 45]. 

     Paclitaxel is an anticancer drug that is commonly used for treatment of ovarian, 

prostate, breast and bladder cancers. It is available as a solution (Taxol® 6 mg/ml 

paclitaxel) for intravenous injection or infusion. Paclitaxel is an irritant drug where it 

may cause inflammation, pain and swelling of veins at the site of the injection. 

OncoGel® developed for extended local delivery of paclitaxel. OncoGel® was shown 

to be well tolerated where it remained at the local injection site for up to 1.5 months 

[46]. OncoGel is a hydrogel that is based on a thermosensitive polymer. This hydrogel 

is comprised of PLGA and PEG copolymer arranged as PLGA-PEG-PGLA that 

undergoes thermal gelation (sol-gel transition) at physiological temperature of the body 

37oC [46, 47]. 

     A pH-sensitive polymeric micellar system for the concomitant delivery of paclitaxel 

and rapamycin with different dosing regimens were prepared and evaluated [48]. Both 

drugs were covalently linked to a poly (ethylene glycol)-block-poly (β-benzyl l-

aspartate) via a pH-sensitive linker. The developed polymeric micelles released both 

drugs preferentially at pH 5.5 (endosomal/lysosomal pH). The developed hybrid 

polymeric micelles have been shown to exert synergistic antiangiogenic and apoptotic 
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effects, that would provide a targeted therapy to tumor cells or the tumor 

microenvironment for the potential treatment of ovarian cancer [49]. 

4.2 Diabetes mellitus 

     Diabetes is a chronic endocrine and metabolic disorder that affects approximately 

half a billion people worldwide. This figure is projected to increase to 700 million by 

2045 [50]. Diabetes can be classified into three categories: type 1 diabetes mellitus, 

type 2 diabetes mellitus and gestational diabetes with type 2 diabetes mellitus being the 

most prevalent form. Uncontrolled diabetes can lead to various complications such as 

retinopathy, nephropathy and neuropathy. Cornerstone of preventing these 

complications is the tight control of blood glucose levels with lifestyle modifications 

and anti-diabetic medications such as insulin, insulin analogues and non-insulin oral 

hypoglycemic drugs such as metformin and gliclazide.  Many formulations of insulin 

and other antidiabetic medications have been developed to enhance patient adherence 

to medication to optimize therapeutic outcomes [51]. 

     Currently available insulin formulations include insulin analogues with modification 

of insulin structure to provide variable pharmacokinetics of insulin, such as long acting 

insulin glargine and short acting insulin aspart [51]. Research now focusses on novel 

modes of administering insulin to avoid the invasive nature of current insulin injections 

and enhance patient adherence. These include microneedle patches [52]  and ingestible 

self-orienting millimeter scale applicators [53]. Of growing interest are glucose-

responsive systems that release insulin in response to elevated plasma glucose 

concentrations. Such systems abolish the need for frequent glucose monitoring and dose 

adjustment by patients. Yu et al [14] developed a glucose-responsive microneedle (GR-

MN) patch with the use of phenylboronic acid as the glucose sensitizing element. This 

patch was evaluated in vivo using an Streptozotocin (STZ)-induced diabetic mouse 
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model and an Streptozotocin-induced diabetic model. The authors demonstrated that 

this GR-MN patch is superior to non-responsive crosslinked microneedle patch of 

insulin, as it inhibits the increase in plasma glucose levels after an oral glucose load 

(glucose tolerance test). This GR-MN patch was shown to regulate plasma glucose 

levels for over 20 hours and the patches were able to maintain the bioactivity of 

incorporated insulin for over 8 weeks at room temperature[14]. Similarly, Zhang et al 

[27] demonstrated the regulation of plasma glucose levels with a GR-MN patch for up 

to 48 hours using a gold nanocarrier system to enhance drug loading percentage [54]. 

These studies demonstrate the translational nature of glucose responsive microneedle 

patches that could transform the management of diabetes  . 

Besides, implants and patches play a key role in managing complications of diabetes. 

Diabetic macular edema is the most common form of diabetic retinopathy that leads to 

irreversible vision loss. The progression of this condition is reduced by therapeutics 

such as Anti-VEGF agents and steroids. Iluvien® (fluocinolone acetonide) is a non-

biodegradable intravitreal implant used to manage diabetic macular edema and releases 

the incorporated steroid over a period of up to 3 years. 

Neuropathy, peripheral vascular disease, and other metabolic abnormalities of diabetes 

lead to impaired wound healing. Therefore, management of diabetic wounds remain 

challenging and require multidisciplinary approaches. Current treatments for diabetic 

wounds include wound patches, oxygen therapy, gene therapy and stem cell therapy 

[55]. Recent research focuses on the development of wound patches that can deliver 

growth factors to enhance wound healing. Augustine et al [56] evaluated the in vitro 

and in vivo efficacy of a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), 

gelatin-methacryloyl (GelMA) polymeric patch in delivering epidermal growth factor 

(EGF). The authors utilized electrospinning technology to create a mesh of PHBV and 
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the hybrid patch was developed on the wound by crosslinking GelMA with UV 

radiation. Higher rate of wound healing was reported for patches that incorporated EGF 

in comparison to patches without the growth factor [56]. These findings indicate the 

use of patch technology to provide sustained release of therapeutics for the management 

of diabetic wounds. However, further investigations are needed to elucidate the clinical 

significance of such therapies . 

4.3 Brain diseases 

      The most common diseases affecting the brain include Alzheimer’s, dementia, brain 

cancer, epilepsy, depression, psychosis or mental disorders and Parkinson’s diseases. 

Brain diseases are essentially chronic disorders that usually require long-term/life-long 

management and treatment [57]. Lack of clear understanding of specific 

pharmacological sites to target and extend, drug delivery to the brain is not a trivial task 

due to the formidable nature of the blood brain barrier (BBB). Only small drug 

molecules with a relatively high lipophilicity and a molecular weight of less than 400 

Da can freely cross the BBB. Epilepsy is a common central nervous system (CNS) 

disease affecting more than  60 million people worldwide; almost 30% of cases are not 

adequately treated; albeit  various antiepileptic pharmaceuticals being available [58].  

     The complex  criteria for effective drug delivery to the brain from the systemic 

circulation has been reported to hamper 95% of drugs under investigation of being 

successfully developed to a viable medicine [59]. This necessitates the search for new 

technologies such as CNS drug implants to bypass the BBB and effectively target the 

brain. The idea of implanting drug-loaded polymeric systems intracranially for treating 

brain diseases is an appealing proposition, although not devoid of controversy [60]. A 

successful example is the Gliadel® wafer (7.7 mg carmustine implant) which was 

approved by the FDA in 1996. This drug delivery system can be surgically implanted 
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during brain surgeries to provide localized delivery of carmustine to the brain.  Gliadel® 

wafer has a diameter of 14.5 mm and thickness of 1 mm. It is based on polifeprosan 20, 

a biodegradable copolymer used to control the release of carmustine. The carmustine 

implant provides controlled release of the anti-tumor carmustine indicated as an 

adjuvant to surgery and radiation therapy for recurrent glioblastoma multiforme [61]. 

A dose of up to 8 wafers (a total of 61.6 mg carmustine) can be implanted per treated 

area after surgical removal of the tumor. 

      Another concept for brain implantable systems includes programmed implantable 

pumps. Such a system is composed of an implantable pump powered with batteries, an 

implantable catheter, reservoir fill accessories, and a remote controlled release system 

for the delivery of sodium valproate [58] and opioids analgesics (e.g. morphine) to the 

cerebrospinal fluid [62]. These implantable devices are programmable and can benefit 

patients with chronic illnesses; therefore, both the dose and delivery rates can be 

adjusted as response to disease conditions. For example, implanted pump provides 

insulin delivery through subcutaneous route as response to glucose levels. This pump 

has been able to eliminate repeated daily insulin injections for type 1 diabetes for 24 

hours [63]. 

     Alzheimer’s and Parkinson’s diseases are common age-related neurodegenerative 

diseases leading to progressive loss of cognitive and motor functions, respectively [64]. 

Dementia (memory loss) is the main problem with Alzheimer’s disease; however it can 

be a common feature of Parkinson’s disease [65, 66]. The total number of people with 

dementia worldwide is expected to rise to 115.4 million in 2050 [67]. Dementia affects 

1 in 20 persons after the age of 80 [67]. In 2010, an estimate of the total global social 

costs of dementia was US$ 604 billion. It is estimated that most European countries 

spend around 1 % of their gross domestic product (GDP) on dementia, rendering 
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dementia a public health priority [66, 67]. Alzheimer’s and Parkinson’s diseases 

progress very slowly over a life-long period. For those patients, premature 

discontinuation of treatment leading to poor adherence to treatment is common.  

      Memantine is a blocker to N-methyl-d-aspartate (NMDA) receptors that is a 

commonly used for treatment of moderate to severe symptoms of dementia. The 

extended-release form of memantine (Namenda® XR) gained US and EU market 

approvals in the past decade. Namenda® XR 7 mg tablet taken once daily and gradually 

increased up to 28 mg has demonstrated statistically significant benefits in improving 

cognition and clinical status [68]. Memantine transdermal patch to be applied once 

every seven days has been developed by Corium International and is currently in Phase 

I clinical trials in Australia.  

     Rivastigmine is a cholinesterase inhibitor used for the treatment of mild to moderate 

Alzheimer's and Parkinson's diseases. Transdermal patches commercially known as 

Exelon® are available in three strengths 4.6, 9.5 and 13.3 mg/24 hours (5 cm2). 

Rivastigmine patches help bypass first-pass metabolism by cholinesterase in the gut; 

therefore, transdermal patches show prolonged and non-erratic bioavailability. For 

example, a rivastigmine patch (4.6 mg/24 hours) can be equivalent to a 6 mg/day 

capsule [69].  

Furthermore, the long-acting depot injection of the antipsychotic drug risperidone has 

been shown to be superior over conventional oral risperidone administration in terms 

of enhanced patients adherence/compliance, side effects profiles and social life ratings 

[70]. The long acting depot injection has been shown to be an effective LADD for 

treatment of schizophrenia [71].  
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4.4 Eye diseases 

     The eye is the second most complex organ after the brain; the eye endows the human 

with the one of the most important senses which is sight. The human eye is dramatically 

affected by age. It undergoes inevitable age-related changes leading to 

diseases/conditions that eventually impair the human sight [72]. For simplicity, the eye 

can be divided anatomically into two segments: anterior part (including the ocular 

surface) and posterior segment. Amongst, the main chronic and age-related diseases 

affecting the ocular surface and anterior segment are keratopathy [73], age-related 

cataract [74] , anterior uveitis and glaucoma [36]. Age-related diseases affecting the 

posterior segment of the eye include retinopathy and age-related macular degeneration 

(AMD) [75]. According The World health Organization (WHO), there is an estimate of 

at least 2.2 billion people with disease-related sight impairment with almost half of 

those (1 billion people) in need of an intervention (most notably cataract surgery) and/or 

treatment to prevent an avoidable blindness  [76]. The majority of those people are 

elderly (> 50 years) [77]. Amidst diseases that causes avoidable blindness, there are 

five on the WHO priority list including cataract, corneal opacity, glaucoma, AMD and 

diabetic retinopathy and account for 47%, 20%, 12% and 10% of sight impairment and 

blindness worldwide, respectively [76, 77]. With the exception of cataract and corneal 

opacity, there are pharmacological agents and drugs that can treat the other diseases.  

Cataract and corneal opacity so far are treated surgically by replacing the cataractous 

lens with an intraocular lens and keratoplasty (corneal transplantation), respectively.   

LADDS could provide modalities with improved efficacy and better patient adherence 

[78]. For example, topical long-acting inserts, contact lenses, punctal plugs 

(intracanalicular inserts) and ocular films have been suggested for potential treatment 

of glaucoma, post-operative ocular inflammation and keratopathy in order to provide 
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long acting delivery systems with better efficacy and less frequent administration, 

compared to conventional eye drops [79].  

Ocular inserts for prolonged intra-ocular delivery of ocular hypotensive drugs were 

marketed in the early 1970s [80, 81].  

     Ocusert® (Pilo-20 and Pilo-40) are non-biodegradable ocular inserts loaded with 

pilocarpine that provided constant pilocarpine release onto the surface of the eye for 7 

days. However, Ocusert® is no longer commercially available.  

     Lacrisert® is a biodegradable ocular insert comprising HPMC as a lubricant for 

treatment of dry eye. It is administered as a single daily dose [82].  Lacrisert lends itself 

as preservative free alternative for repeated administration of artificial tears eye drops 

and  is used for treatment of chronic moderate to severe forms of dry eye diseases. 

Limitations of ocular insert (both non-erodible and erodible inserts) are confounded by 

the fact that a solid device/object is physically inserted into the a highly sensitive area 

of the conjunctival sac resulting in eye discomfort, interfering with blinking, incurring 

a foreign body sensation, and leading to inadvertent expulsion of the insert during sleep 

[81, 83]. These drawbacks have been minimized or resolved by adopting two different 

strategies: 

changing the design and insertion site of the insert from the conjunctival sac to a 

wider ring-shaped insert to be placed on the ocular surface. Bimatoprost insert 

(BIM ring) was made as a silicone-O-ring-like insert of 24 to 29 mm diameter 

loaded with 13 mg of bimatoprost mixed into a silicone matrix over an inner 

polypropylene ring. This ocular ring can provide up to 6 months of IOP reduction. 

Further, a double-blind randomized multicenter Phase II clinical trial has been 

conducted to compare the long-term tolerability and safety of BIM ring versus 
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Timolol (0.5%) eye drops administered twice daily for 13 months. Results are 

encouraging where the majority (90%) of patients  reported that bimatoprost ring 

was comfortable [84].    

modified solid ocular inserts have been made using polymeric films with more 

favorable dimension, sufficient malleability to adjust to the curvature of the eye 

globe along with mucoadhesion characteristic that allows better adherence to the 

conjunctival surface. These ocular films are solid before insertion and quickly 

transform into gel on the surface of the eye [83, 85].  

     Dextenza® is an unconventional insert/plug containing 0.4 mg dexamethasone that 

intended for intracanalicular insertion (Figure 3). This corticosteroid insert was 

developed by Ocular Therapeutix, Inc; and has a 3 mm cylindrical shape. Dextenza® is 

indicated for treatment of post-surgical inflammation and pain after cataract surgeries. 

It has been proposed as a more practical alternative for the repeated administration of 

steroid eye drops needed post cataract surgery [86]. Dextenza® punctual plugs offers 

slow release of dexamethasone  for a month;  it can be visualized when illuminated by 

a blue light source [87].  At the end of treatment period Dextenza® undergoes 

biodegradability and drains through the nasolacrimal duct. Dextenza® is composed of 

a polyethylene glycol-based hydrogel conjugated with fluorescein. Saline irrigation or 

manual expression can be performed to remove the insert and terminate the therapy if 

necessary.  

     Contact lenses loaded with ocular hypotensive drugs have been investigated 

extensively [82, 88, 89]. Contact lenses composed of the hydrophilic polymer poly-2- 

hydroxy ethyl methacrylate (p HEMAP) were prepared and soaked in drug solution for 

1 to 24 hours.        
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     The antibiotics ciprofloxacin, gentamycin, ofloxacin and tobramycin were loaded 

into soft contact lenses by presoaking [88].  Serious safety concerns are associated with 

therapeutic contact lenses that include corneal opacity, corneal neovascularization and 

corneal ulcers [82].  

     Furthermore, contact lenses have been nano-coated with timolol maleate using an 

electrohydrodynamic (EHD) engineering process[90]. The coated lenses exhibited a 

sustained drug release effect with no sign of corneal irritation. This novel method can 

enhance drug ocular residence time, reduce drug nasolacrimal drainage, and therefore 

improve its ocular bioavailability. Mehta et al., used permeation enhancers with 

electrospun coating materials of contact lenses, this has improved timolol maleate’s 

permeation across excised bovine eyes[91, 92]. 

     Implantable drug delivery systems injected through the pars plana into the eye have 

been investigated for long-acting treatment of various diseases of the posterior segment 

of the eye such as non-infectious uveitis, macular edema and age-related macular 

degeneration [36]. These systems may offer a better patient adherence by reducing the 

numbers of intravitreal injections which are usually needed on monthly basis, especially 

during the first year of diagnosis. 

     Ozurdex® is biodegradable dexamethasone (0.7 mg) implant for treatment of 

macular edema [93]. Ozurdex® is made of poly(lactic-co-glycolic) acid (PLGA) 

adopting the Novadur® solid dosage form technology. Ozurdex® is a rod-shaped 

implant and comes preloaded into a single use applicator; to be injected under aseptic 

conditions; and provides extended release of dexamethasone for over 6 months. The 

insert is completely biodegradable [94]. Retisert® is non-biodegradable fluocinolone 

acetonide (0.59 mg) implant surrounded by a polyvinyl acetate/silicone thin layer fixed 
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onto a structural base [95]. Retisert® has been reported to reduce recurrence rates of 

non-infectious uveitis with acceptable tolerability and reduced side effects [96].  

     Another non-bioerodible corticosteroid delivery systems is commercially known as 

Iluvien® implant which contains fluocinolone acetonide (0.19 mg) for the treatment of 

diabetic macular edema. Iluvien® implant is manufactured with a dimension of 3.5 mm 

in length and 0.37 mm in diameter containing non-bioerodible polyimide tube, 

polyvinyl alcohol (PVA) and silicone adhesive. Iluvien® releases its steroid cargo from 

one permeable (PVA membrane) end with the other end being sealed with an 

impermeable silicone cap. The external wall is made of non-bioredobile polyimide tube 

that releases the drug from one orifice and it comes in a prefilled syringe and the 

injectable applicator is a 25-gauge needle and it is injected in clinic or day surgery. 

Unlike Retisert®, Iluvien® requires no surgical incision for intravitreal administration 

and it provides an initial drug release of 0.25 µg/day for up to 36 months of treatment 

per a single dose of Iluvien® [97]. It is used for treatment of diabetic macular edema. 

It is obvious that both Ozurdex® and Iluvien® implants have the convenience of being 

administered through syringe needles and they are relatively less invasive and do not 

cause excessive injuries to ocular tissues compared to that incurred through 

administration of the non-biodegradable Retisert® implant. Drug content, product 

name, polymers used, therapeutic indications and duration of action of Ozurdex®, 

Retisert® and Iluvien® are summarized in Table 1. Figure 3 reveals a cross section of 

the human eye with the inserting / injection positions of Ozurdex®, Dextenza, Retisert® 

and Iluvien® 

4.5 Contraception and hormonal replacement therapy 

     According to WHO estimates, there are around 2 billion women worldwide at fertile 

age (15-49 years) require one of contraceptive methods. There is a variety of 
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contraceptive methods including contraceptive pills, intra-uterine devices (IUDs), 

implants, vaginal rings, patches and injectables. The IUDs and implant are among the 

most effective reversible contraceptive methods available. Contraceptive methods are 

categorized by their effectiveness as follows:  very effective (< 1 pregnancies per 100 

women), effective (1 to 9 pregnancies per 100 women), moderately effective (10 to 19 

pregnancies per 100 women), less effective (≥ 20 pregnancies per 100 women) [98].  

     Progstasert® is a contraceptive intrauterine implantable device that was developed 

by ALZA Corporation in the late 1970s. This implantable device can control birth by 

dual functions; it benefits from the T-shaped device (mechanical contraceptive) and 

small ‘’mini’’ doses of progesterone that continuously release into the uterus and 

endometrium for up to 1 year [99]. This system was fabricated using poly ethyl vinyl 

acetate.  

     Norplant® is a contraceptive implant of levonorgestrel that is administered 

subcutaneously and can provide birth control for up to 6 months [100]. This implant is 

composed of 6 silicone rubber tubes (crosslinked polydimethylsiloxane) [28]. 

     Hormone replacement therapy (HRT) as the name suggests it replaces sex hormones 

at lower levels. For example, HRT is a treatment for relieving symptoms of the 

menopause such as hot flushes, night sweats, mood swings and vaginal dryness.  

     Testopel® is an implant to help restore testosterone levels in elderly men and children 

with delayed puberty due to hypogonadism. Testopel® provides sustained release of 

testosterone for up to 3-4 months, compared to the monthly oil injection (depot) 

formulation of testosterone. Testopel® 75mg testosterone implant is a cylindrically-

shaped pellet 3.2 mm diameter x 9 mm length that is implanted subcutaneously [101]. 
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Levonorgestrel implant has been fabricated from poly (epsilon-caprolactone) and 

Pluronic F68. The implant provided extended release rate of the contraceptive drug for 

2 years in rats without observed toxicity [102].   

     Menostar® 1 mg estradiol transdermal patch is designed and fabricated with a 

surface area of 3.25 cm2 to provide a low daily dose of estradiol (14 µg/day) for 7 days 

to alleviate the majority of menopausal symptoms caused by the decline of estrogen 

production, or lack of production in patients undergone ovariectomy [103].  

5 Preparation of inserts/implants/wafers/patches: research and 
development scale techniques 

5.1 Solvent-casting  

     Solvent casting is a simple and scalable method for preparation of polymeric films, 

inserts and wafers. The method is outlined in Figure 4; the polymeric solutions can be 

casted and processed under various conditions (ambient, heat or after freeze drying) 

depending on the nature and chemical stability of the drug. The diameter, therapeutic 

dose and subsequently the size of dosage form can be tailored to suit different clinical 

applications.  

     This method has been utilized for generation of ophthalmic films and inserts for 

oxidizable drugs such as naltrexone and curcumin in an attempt to enhance chemical 

stability and enhance ocular residence time [2, 85]. Hydroxy propyl methyl cellulose 

and hydroxy ethyl cellulose-based inserts containing Eudragit L 100-based 

nanoparticles loaded with azithromycin were prepared using the solvent casting method 

in an acrylic mold at 60oC [104]. 

     Etoposide silk wafers were prepared by the solvent casting technique. Aliquots (100 

µl) of silk solutions containing 1mg/ml etoposide were placed in each well of 96-well 
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plate, dried overnight and lyophilized. The lyophilizate foams were compressed into 

wafers. These etoposide wafers were suggested for treatment of neuroblastoma.[105]. 

The results demonstrated that 50% of the cells were killed using etoposide (1 μg/ml) 

and the wafer showed marked cytotoxicity for up to three weeks when compared to 

untreated cells. 

5.2 Microneedles 

MNs (MNs) are devices that can be produced in an array, usually with an area of less 

than 1 cm2, and comprised of hundreds of micro size needles with varying lengths, 

fabricated from diverse materials and by various methods to deliver (mainly via the 

transdermal route) therapeutics including biopharmaceuticals. Upon application, these 

devices create micro size pores at the application site that enable the drug to easily 

pass through a biological membrane. In particular, MNs can overcome many of the 

limitations related to the transdermal drug delivery including needle phobia, needle 

injuries, the requirement of trained staff to deliver injections and most importantly the 

permeability barrier where MNs can bypass the stratum corneum. In addition, MNs 

can be used to deliver macromolecules and biologics which can be translated to 

promising future and market expansion for the pharma industry.  

MNs can be divided into different types such as solid, drug-coated, dissolving, and 

hollow MNs [106]. The type of material used in MNs depend on the clinical 

application and the design. Commonly used materials include silicone, stainless steel, 

glass and polymers such as hyaluronic acid, hydroxypropyl methylcellulose, 

carboxymethyl cellulose and poly(lactic-co-glycolic) acid [107].  

Currently, various microfabrication techniques have been explored to optimize the 

manufacturing of these devices. The method of choice depends on number of factors 
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such as the clinical application, drug of interest, material used and target site. The 

simplest technique used is the solvent casting method. However, this method lacks the 

accuracy and reproducibility required for commercial manufacturing. Other 

commonly used techniques include laser ablation, photolithography and 3D printing 

[107-110]  

Following manufacturing, MNs are characterized to determine physical appearance, 

strength and performance. Scanning electron microscopy (SEM) is often used to 

determine the MN geometry. This technique enables the researcher to determine the 

needle dimension, surface morphology and MN distribution. It is important to produce 

MNs of uniform geometry and sharpness to achieve a good clinical response with 

these devices [111]. It has been reported the obelisk geometry is important for 

efficient insertion of solid MNs whereas pyramidal geometry is preferred for hollow 

MNs. Fluorescent tagged molecules are often used to determine the incorporation of 

drugs in these devices. Fluorescent microscopy or confocal microscopy can be used to 

determine the distribution of the fluorescent tagged molecules. Such information is 

required to determine the reproducibility of fabrication methods [112]. The axial 

compression test or the needle failure test are commonly used to determine the 

strength of microneedles. This is an important parameter to assess, as it indicates the 

ability of the MNs to penetrate the biological membrane and deliver the therapeutic 

agent of choice [113]. Following a compression test, the geometry of the MNs is 

examined to determine the deformations [112].  

Performance studies specific to MNs include insertion studies on excised animal 

tissue (depending on clinical application), permeation studies using Franz diffusion 

cells and in vivo studies to determine the safety and efficacy of the MN device. The 
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reviews by Lutton et al (2015) and Sabri et al (2020) provide an overview of these 

techniques used to characterize the MN devices[112, 114] .  

Hollow MNs as devices was first explored for different applications including the 

delivery of drugs into cells, local regions of tissue, and across the skin [115]. The 

interest  has continued and MNs have shown promising results for a wide range of 

applications such as cancer drugs [112, 116], vaccine delivery [117], diagnosis [118-

120] dentistry related applications [121]; long acting release and drug delivery [122] 

and for non-transdermal drug delivery [123, 124]   ..  

     Park et al., was the first to investigate the use of MNs for controlled-release drug 

delivery [125]. In this study, both calcein and bovine serum albumin were incorporated 

within biodegradable PLGA microneedle or within carboxymethylcellulose (CMC) or 

poly-L-lactide microparticles, which were then encapsulated within the needle matrix.  

Sustained release of sulforhodamine from CMC microneedle patches inserted into 

human cadaver skin with an initial lag time of a few hours, followed by steady release 

for several days was reported [126]. Similar approach was adopted in fabricating MNs 

for the transcutaneous delivery of a subunit vaccine formulation in a controlled-release 

manner [127]. The new approach provided similar initial immunogenicity compared 

with traditional vaccine immunization when the vaccine was encapsulated into 

composite dissolving MNs which was applied on a mice model for 5 minutes resulting 

in rapid delivery of PLGA microparticles to form cutaneous depots that can promote 

sustained release over few months [127]. Many strategies including altering drug 

binding affinity, polymer type and polymer hydration were applied to manipulate drug 

release in MNs. Chen et al., studied the effect of molecular weight of polymers used to 

fabricate MNs in controlling the rate of drug delivery both in in vitro and in vivo using 
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a mice model [128]. The use of genipin as a crosslinking agent has been shown to be 

effective in controlling the release of insulin from biodegradable MNs [129] . 

     The use of biodegradable and swellable polymers for promoting prolonged drug 

release from MNs has been reported. In particular, the review by Chen et al., [122] 

summarized the use of such polymers for the fabrication of long-acting MNs with 

different drug release times ranging from 48 hours to 16 weeks. Chen et al (2020) 

compared the release time of drugs incorporated in different fabricated MNs with 

different biodegradable and swellable polymers (Figure 5). An Influenza vaccine MN 

loaded with the biodegradable polymer chitosan (CS) achieved the slowest release rate 

where the MN induced immune-enhancing effect was obvious 4 week after the 

vaccination and lasted for at least 16 weeks. 

     Using biodegradable polymers in the manufacture of MNs have some limitations in 

terms of stability and mechanical strength. Bioceramic MNs provided controlled release 

of clonidine HCl. Those MNs penetrated the stratum corneum when studied using a 

vertical diffusion cell and an ex vivo porcine skin [130]. Optical coherence tomography 

was used to monitor dissolution of the MNs and drug release in real time, in vivo and 

in situ [131]. Yang et al., used Eudragit RL100 as a coating material for swellable MNs 

[132]. Their work demonstrated a dose-dependent plasma concentration; the controlled 

release of 2.1 mg dose of the drug granisetron base was observed in plasma for 

144 hours [132]  . 

      For the treatment of retinal diseases, repeated eye injections are usually required 

and therefore, the use of MNs as a less invasive system for ocular drug delivery remains 

of interest. Mahadevan et al., built on the use of MNs for the intraocular delivery of 

sulforhodamine and micro/nanoparticles into human cadaver sclera [133]. They 

reported on embedding hollow glass MNs within a soft and flexible poly (dimethyl 
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siloxane) (PDMS) substrate, for drug targeting to the intraocular tissues using a more 

friendly approach when compared with conventional hypodermic needles [133]. The 

release of a selected dye from the novel device was tested using bovine vitreous (ex 

vivo), where the dye was visually evident in the vitreous after 8 hours of insertion [133]. 

One of the challenges related to securing eye patches is their poor adhesion on the ocular 

surface. A new design of hydrogel MNs which were developed with interlocking 

features after swelling to achieve self‐adhesion have been reported [134]  . 

      Despite the large interest in the application of MNs, most of their current 

commercial uses are for cosmetic and skin care purposes. This can be explained by the 

many challenges and disadvantages related to this technology including the possible 

irritation and microbial contamination with its delivery [135], the challenges related to 

delivering large hydrophilic molecules through the skin and the biodegradability of the 

polymers used in MNs[136]. The challenges also include the lack of uniformity and 

Quality requirements by the regulatory bodies[137] 

In the last decade different types of MNs devices have emerged and are currently under 

advanced stages of clinical trials [138]. Commercially available MN devices include 

Bullfrog® Micro-Infusion Device®  (Mercator MedSystems, Inc.), Micronjet600® 

(Nanopass technologies), Microstructure transdermal system® (Kindeva Drug 

Delivery), SCS Microinjector® (Clearside Biomedical), SkinJect® (SkinJect  Inc.) and 

Zosano patch® (Zosano Pharma Corporation).  Table 2 provides an update on the 

clinical trials of MN devices.  

 



 

33 

 

5.3 Three-dimensional (3D) Printing  

Three-dimensional printing (3DP) technology has emerged as a promising technology 

to improve patient medication adherence and provide an option for medicine 

personalisation[139]. 

     3DP technology, is a computer-aided design (CAD), layer by layer material 

deposition process, which in the recent years, has been  explored and implemented in 

different fields of biomedical research as well as developing novel drug delivery 

systems and  tissue/organs engineering for regenerative medicine or in vitro disease 

modelling applications ]141  ,140[.  In general, the 3D CAD design of the object is 

transformed to a file format readable stereolithography (SLA) machine to print the 

materials in a solid or porous geometry construction [142]. 

     For the first time, 3D printing method of materials fabrication was originated from 

a stereo-lithography process in the late 1980s and gradually utilized in versatile 

industrial prototyping such as aerospace, motor vehicles, industrial machines, consumer 

products, electronics, military, medical, dental, applications etc [143]. 

      More recently, the applications of 3D printing have expanded to the pharmaceutical 

industry where it is used to manufacture novel drug delivery systems in pharmaceutical 

products as well as drug loaded, implants [144].      

     Pharmaceutical and medical applications of 3D printing have rendered this 

technology of specific interest for personalized dosage forms, prosthesis and 

implantable medical devices [145]. Precise control over the material’s spatial dispersion 

in different shape, have enabled fabrication of versatile types of pharmaceutical dosage 

forms with different drug molecule combinations to deliver drugs  to the targeted site 

with controllable release profile based on the patient’s need [146] .  
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     To optimize the characteristics of 3D printed pharmaceutical products, various 3D 

printing techniques have been reported; they include Material Extrusion, Material 

Jetting, Binder Deposition, Binder Jetting, Selective Laser Sintering, and 

Stereolithography   [147] . Figure 6 outlines the 3D printing technologies that are of 

pharmaceutical relevance and will be discussed below.  

5.3.1 Binder Deposition 

     Material deposition on a powder bed which is known as (Binder Deposition) has 

been implemented as the primary approach of pharmaceutical products 3D printing. An 

injecting printer, sprays small droplets of drug formulations at precise speed, motion, 

and size onto a powder bed. The inkjet contains a binder or drug/binder mixture and the 

powder bed may contain the active ingredient (API) with additional excipients. 

Alternatively, APIs can be jetted onto powder bed as solutions or nanoparticulate 

suspensions. In this method of object fabrication, unbound powder serves as the 

supportive material for the 3D printed object to maintain free-standing or porous 

structures [141, 148].  

      In a study reported Yu et al., a novel drug delivery device for providing linear 

release profiles was fabricated by powder bed deposition strategy as sustained release 

implants. [149].  

Chang et.al, have reported on indomethacin 3D printed tablet like dosage form, 

fabricated via binder-jet 3D printing. They investigated the effectiveness of different 

pharmaceutical-grade feedstock materials on creating tablet-like dosage forms. The 

physical properties of fabricated tablets from different pharmaceutical-grade powder 

and liquid binder precursors were investigated optimized [150].   
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5.3.2 Material Jetting   

      To print jetting materials the presence of powder bed is not always necessary; 

molten polymers, waxes, and UV-curable material (resins, solution and suspensions) 

can be printed free from supportive solidifying structures [151]. Printing with high 

resolution has been reported as the major advantage of a non-powder-bed 3D printing 

approach compared to binder deposition and other approaches. In this approach, the 

diameter of inkjet expelled droplets is smaller than 100 µm. The reduced droplet size is 

a consequence of surface wetting, solvent evaporation, or shrinkage of material during 

jetting / printing process. These practical properties, has enabled researchers to print 

microparticles for drug delivery applications [152].  

      Lee et al. reported on a piezoelectric inkjet printing system that was used for 

arbitrary, well-defined, and controlled-shape 3D printing of drug loaded microparticles 

for drug delivery applications. For this purpose, different geometries of paclitaxel 

(PTX)- loaded PLGA microparticles, including spheres, grids, honeycombs, and rings, 

were printed via piezoelectric inkjet printing to study the effect of geometry on the drug 

release [153] . 

5.3.3 Extrusion Printing   

     Amongst the various 3D printing approaches, the extrusion-based 3D fabrication 

methods, have been widely adopted by the industry. The high versatility of this method 

has captured the growing attention of pharmaceutical product manufacturers [154]. 

Fused deposition modeling™ (FDM®), the most prominent extrusion technique, is the 

trademarked of fused filament fabrication, where solid filaments of polymeric materials 

are printed by a robotically- actuated heated nozzle assembly [155].  

Stewart et al., have employed hot- melt extrusion 3D printing for manufacturing hollow, 

polycaprolactone (PCL) coated, PLA-PVA based biodegradable, subcutaneous implant 
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for prolonged delivery of drugs. The mechanical properties and in-vitro drug release 

profile form manufactured implants validated the promising potential of extrusion-

based 3D printing technique for localized treatment of chronic diseases by prolonged 

delivery of chemotherapy agents, antibiotics or localized anaesthetics drugs [156]. 

 

5.3.4 Semisolid extrusion technique 

       Unlike extrusion printing where a heated nozzle prints the fed filament, semisolid 

extrusion expands the printing capacity of an extrusion-based printing systems to a 

wider range of temperature and material [157]. A wide range of material ranging from 

small molecules all the way to living cells are printed using pneumatic/mechanical 

extrusion forces instead of a heated nozzle [158]. This feature has allowed the evolution 

of a new era of printing known as ‘’bioprinting’’ which has been particularly promising 

for tissue engineering and regenerative medicine [159].   

Liu et al., implemented semisolid 3D printing method to manufacture PEGylated 

liposomal doxorubicin loaded hydrogel patches for local cancer treatment strategies. 

UV cured fish gelatin methacryloyl (F-GelMA) derived from cold fish gelatin, was used 

as the main component of the printer ink. Carboxymethyl cellulose sodium (CMC), was 

added to the ink, in order to improve the viscosity of (F-GelMA). PEGylated liposomal 

doxorubicin (DOX) was incorporated into the hydrogel ink and three types of 3D-

designed patches (cylinder, torus, gridlines) were printed. In vitro release behaviour of 

these three different patches, was controlled by implant architecture, intensity and the 

exposure time of UV-LED. These implants could be used for treating cancer or in the 

site of tumour after surgical removal [160].   
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Sjöholm et al., have compared the function of three different semi-solid extrusion (SSE) 

technique for extemporaneous veterinary applications of Prednisolone containing 

orodispersible films. In vitro dissolution studies for all of the fabricated dosage forms 

followed non-Fickian diffusion mechanism. The results of this studies indicated the 

potential of SSE technique of 3D objects manufacturing of LADDS specifically for 

veterinary purposes [161]. 

5.3.5 Stereolithography (Photopolymerization) (SLA) 

      Stereolithography (SLA), also known as photopolymerization, is another 3D 

printing approach which is gaining increasing attention specifically in the field of 

biomedical engineering. Here, the prototype is created through exposing a responsive 

liquid resin to ultraviolet light or another high-energy light source for inducing 

polymerization reactions [162]. Although, photopolymerization has been considered 

the fastest and highest resolution 3D printing method, toxicity issues associated with 

photopolymerizable raw materials and uncured residual resin during printing have 

limited its acceptability and applicability for manufacturing of drug delivery systems. 

In recent years, the applications of photopolymerizable 3D printed drug loaded 

hydrogels have been reported [163]. There are numerous studies that have used non-

toxic photo-initiators for fabricating 3D-printed drug-loaded hydrogels. Due to the 

effective crosslinking effect of riboflavin on dextran-methacrylate hydrogels, riboflavin 

(vitamin B2) was used as a non-toxic photo-initiator for fabricating controlled 

ibuprofen release stereolithography approach 3D-printed Poly(Ethylene Glycol) 

DiAcrylate (PEGDA) hydrogel  [164] .  

5.3.6 Selective Laser Sintering (SLS) 

      Similar to binding jetting where objects are printed from a powder bed, in selective 

laser sintering (SLS), a high-power laser beam is used, instead of a binder, to fuse the 
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powder particles. High fabrication speed is amongst the main advantages of SLS 

technology. SLS methods have been of interest for fabricating a wide array of dosage 

forms, with different geometries and release profiles ranging from orally-disintegrating, 

sustained releasing tablets to immediate release formulations. 

     Awad et al., reported on the potential of SLS 3D-printing to manufacture multiple-

unit dosage forms with enhanced therapeutic benefits to the patients due to dosing 

flexibility compared to single unit dosage forms. Accordingly, paracetamol and 

ibuprofen loaded 3D printed ethyl cellulose/ Kollicoat based multicompartment matrix, 

termed miniprintlets, were fabricated using this approach to achieve both immediate 

and prolonged drug release patterns [165]. Kulinowski et al., reported of high dose-

controlled release printlets of paracetamol using this technology [166]. 

5.3.7 Pressure-Assisted Microsyringe (PAM) 

     Low-temperature operating conditions have rendered Pressure-Assisted 

Microsyringe [167]FDM in the form of printing used, however, PAM allows a drug-

loaded polymeric complex to be printed in low temperatures [168].  

Welsh and her coworkers, employed thermoplastic, high pressure, droplet 3D 

deposition modelling (DDM) technique by a Free-former printer for developing LADD 

vaginal rings for long term releasing of Dapivirine (DPV). It was found that the 

bioavailability for poorly water-soluble DPV was increased by increasing the exposed 

surface area of the polyurethane ring through tailoring the in-fill density part of the ring, 

the DDM process [167].  

5.3.8 Digital Light Processing (DLP) 

       Digital Light Processing (DLP) is similar to SLA 3D printing with one 

modification, where, instead of using a focused UV laser beam, a UV light from a 
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projector is used to cure each layer of the 3D printed object  . Kadry et al. fabricated 

modified released oral tablets through this technology. Thus, a digital micromirror 

device was used to reflect and focus ultraviolet light on the surfaces of poly (ethylene 

glycol) diacrylate (PEGDA) and poly (ethylene glycol) dimethacrylate (PEGDMA) as 

photoreactive polymers for encapsulation of theophylline as a model drug. Release 

studies from this 3D printed drug eluting implants demonstrated that by altering the 

number of perforations in the tablets structure, the period of drug release can be 

modified  [169] . 

5.3.9 Embedded 3D Printing  

      Embedded 3D printing is a new and advanced form of 3D additive manufacturing 

in which a viscoelastic ink is extruded into a solidifying reservoir by means of a 

deposition nozzle at a predefined direction   Rycerz et al. reported on fabricating a 

chewable oral dosage forms loaded with two drugs. Paracetamol and ibuprofen were 

used as the two model drugs; they were suspended in a locust gum solution and gelatin-

based medium. This proof-of-concept study, offered an innovative approach for 

manufacturing personalized oral dosage forms with two APIs  [170] . 

      3D printed drug-containing implants are promising for applications such as 

individualized drug delivery. Nevertheless, more research is needed to assess the 

performance of 3D-printed drug delivery implants before clinical trials testing 

commences[171].    

5.3.10 Applications of 3D printing technology in development of LADDS: 

      In recent years, researchers have devised novel strategies to improve and enhance  

properties of drugs by encapsulating them in modified/ nanosized carriers to exclusively 

release these drug molecules to the site of action in a controlled manner [172]. To reach 

this goal, 3DP LADDS have been developed to deliver drug molecules for a long period 
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of time to the sites of action [173]. 3DP LADDS are promising for long term and local 

delivery of drugs with improved pharmacokinetics properties. In the following sections, 

the applications of conventional and 3DP LADDS in the treatment of selected chronic 

diseases will be discussed [174]. Table 3 summarises the technology and drugs used, 

polymers, clinical indications and duration of action of 3D printed LADDs 

Human Immunodeficiency Virus (HIV) applications: 

      Acquired immunodeficiency syndrome (AIDS), is a viral based chronic disease 

caused by human immunodeficiency virus (HIV). Because of the unknown window of 

HIV virus activation period, substantial efforts have been made for providing strategies 

to allow the infected and at risk uninfected individuals to have a normal and longer life 

style [175]. Implementation of HIV controlling therapeutic approaches such as pre-

exposure Prophylaxis and Anti-retroviral Therapy via long-acting drug releasing 

implants have been proposed as promising methods for this purpose. Tenofovir, 

tenofovir disoproxil fumarate and Cabotegravir are among the exclusive drugs used in 

combination with implants for controlling/prevention of HIV [176, 177].  

      Long term sustained drug release polymeric implants have received interest for 

manufacturing drug releasing implants for continues monitoring and treatment of the 

HIV disease [178, 179]. As sexual intercourse has been proposed as one of the leading 

ways of HIV transmission, intravaginal rings have been designed and fabricated for 

localized, topical delivery of therapeutic molecules to vaginal tissue [180]. Meanwhile, 

Numerous studies have reported on the potential of 3DP techniques in developing drug- 

loaded LADDS for localized drug delivery applications [178].  

Ugaonkar et al., reported on a novel, multipurpose, core–matrix, intravaginal ring 

fabricated via FDM 3D printing for reducing the risk of HIV-1, HSV-2, HPV infection 
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and preventing unintended pregnancy. For this purpose, MIV-150 (for targeting HIV-

1), zinc acetate (ZA; for targeting HIV-1 and HSV-2), carrageenan (CG) as anti-HPV 

and HSV-2), and levonorgestrel (LNG; for decreasing the risk of unintended 

pregnancy) were loaded in the core-matrix structure of the 3D printed vaginal ring. In 

vitro and in vivo studies for the drug release behavior of the multifunctional 

manufactured vaginal ring prototype demonstrated a continuous in vitro release of 

encapsulated APIs for 94 days and up to 28 days in macaques environment, which 

shown a proof-of-concept for a multipurpose virginal LADDs [181]. 

Antibacterial and antifungal applications: 

      Vaginitis or vaginal infections by pathogens yeasts (bacteria, and fungi) is the most 

prevalent type of gynecological infections [182]. In conventional treatment approaches, 

various drug formulations including (creams, gels, tablets) containing antibacterial and 

antifungal drug are applied to the infected site for multiple days [183, 184]. Tiboni et 

al., reported on flexible, biocompatible 3D printed Clotrimazole loaded thermoplastic 

polyurethanes based vaginal rings for the treatment of recurrent vaginal candidiasis. 

FDM method was implemented for fabricating thermoplastic materials in to desired 3D 

structure [185, 186].  

 

Contraceptive applications: 

      Contraceptive implants are flexible polymeric drug releasing devices that have been 

employed for long term release of drugs for controlling pregnancy and other diseases 

related to the female reproductive system [187]. 
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All the marketed contraceptive implants are produced with fixed and inflexible shapes; 

3D printing technology has solved this limitation by providing a unique opportunity to 

manufacture patient specific implants [188].  

      Vaginal rings, suppositories, IUDs, subcutaneous inserts, and microneedle-based 

skin patches are among the LADDS which can be fabricated via 3DP technology for 

contraceptive applications [189].  

        Vaginal rings are types of flexible, polymeric based drug delivery devices which 

are locally employed for controlled releases HRT of menopause and hypogonadism 

[190]. Numerous studies have reported on 3DP technology for long-acting drug 

releasing vaginal rings [182]. Fu et al., developed a personalised 3D printed vaginal 

rings for increasing bioavailability of progesterone. FDM was implemented to print the 

prepared filaments into "O", "Y" or "M"- shaped rings. The 3D fabricated vaginal rings 

showed a long-term in vitro release of progesterone for more than 7 days with diffusion-

controlled release behavior [191].  

Tappa and his co-worker, proposed biodegradable polymers utilization in 

manufacturing contraceptive implants. For this purpose, Estrone, Estradiol and Estriol 

and Progesterone were coated with e PCL biodegradable pellets and printed in the shape 

of surgical meshes, subdermal rods, intrauterine devices and pessaries by using a FDM 

based 3D printer. The 3D printed implants demonstrated prolonged hormonal release 

over 7 days. These PCL implants could act as a form of personalised medicine [192]. 

       Customization of contraceptives have been made possible through  3DP of 

customised long-acting implants for veterinary applications [161]. Long et al., 

engineered a projectile composed of polylactic acid (PLA) containing different doses 

of progesterone through combining FDM 3D printing and hot melt extrusion (HME). 
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In vitro release profile revealed the potential of the fabricated prototype to release the 

encapsulated drug over a five-month period [193].  

Localized Cancer Therapy 

Delivering chemotherapeutic drugs using systemic oral or intravenous routes is the 

main approach of cancer treatment [194].  However, disadvantages such as systemic 

side effect due to the need for high dosage of chemotherapeutic drugs is a limitation of 

the current conventional cancer chemotherapy approach [195]. 3DP technology allows 

the manufacturing patient specific, customisable medical implants/prosthesis. 

Numerous studies have demonstrated the potential of 3DP technology in fabrication 

LADDs for local delivery of chemotherapeutic drugs [196].  

3DP drug-eluted implanted prosthesis was developed by Hao et al., to prevent tumor 

recurrence and metastasis after breast conserving surgery. FDM 3DP technique was 

used to fabricate polydimethysiloxane (PDMS) containing PLGA loaded paclitaxel 

(PTX) and doxorubicin (DOX) microspheres. The in vitro drug release and in vivo 

cytotoxicity effect of the fabricated prosthesis on a mouse model with local recurrence 

and metastasis of breast cancer model demonstrated that, this 3DP LADDS can provide 

a sustained local drug release profile for a period more than 3 weeks and potently 

suppressed cancer recurrence with reduced side effects [197]. 

Yang et al., have used Electrohydrodynamic jet (E-jet) 3DP technique in developing 

LADD implants to inhibit growth and metastasis of orthotopic breast cancer by long 

term delivery of 5-fluorouracil and NVP-BEZ235 from PLGA implant. Results 

indicated an effective long term (> 4 weeks) anti-tumour performance for the developed 

LADDS for combinational therapy of tumours [196].  
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Li et al., reported on a flexible, biodegradable drug-loaded 3DP scaffolds as localised 

LADDS for intracranial therapy of Glioblastoma Multiforme. FDM was employed for 

fabricating various geometry of curcumin-loaded PCL filaments. results suggest the 

therapeutic potential of drug loaded implants for controlling the recurrence of malignant 

cancers [198].  

Orthopedic implant and prosthesis, have been widely used as an alternative for 

treatment of bone related disorders as well as knee replacement, and critical bone size 

defect as a result of cancer [199]. Wang et al., reported on biodegradable, controlled 

drug releasing implants as a personalized LADDS for local chemotherapy of 

osteosarcoma. Findings of this study revealed that this system can increase therapeutic 

efficiency of anticancer drugs by providing the required dosage of the anticancer drugs 

and release them in a prolonged manner for a period of 12 weeks at the tumour site 

[200]. 

Applications of 3DP LADDS in Cardiovascular Diseases (CVDs): 

Bare metal stents (BMSs) and angioplasty balloons were implemented as one of the 

strategies for the treatment of atherosclerosis. Although BMSs showed a remarkable 

impact on the treatment of atherosclerosis, stent thrombosis and restenosis can obstruct 

the blood vessel and resulted in vessel closure recurrence [201, 202]. To overcome these 

limitations, various approaches including polymer-coated drug-eluting stents made of 

new metallic alloys such as cobalt-chromium and platinum-chromium alloys with 

higher radiopacity were developed.  However, late-stent thrombosis and inflammatory 

reaction against the polymeric coating is a major drawback which needs to be addressed 

[203].  
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3DP biodegradable DDS with different drug release profile for various pathological 

conditions have been developed [173, 204, 205]. Park et al., reported on a sirolimus 

spray-coated 3D-printed PCL based stent fabricated using pressure assisted HME 

technique for the prevention of coronary thrombosis. Results demonstrated a sustained 

drug release profile for a period of 32 days [206]. 

Lee et al., reported on the developing of a personalised heparin-coated biodegradable 

poly lactide acid (PLA) based stent to prevent thrombosis. [207]. 

Applications of 3DP LADDS in wound healing   

3DP personalised implants were investigated as a patient specific wound dressings to 

control prospective wound infection and enhance healing process [208, 209]. 

Hassan et al., have explored the utility of 3DP technology in manufacturing patient 

specific antibacterial wound dressings. HME technique was employed to incorporate 

antibacterial metal ions (such as zinc, copper and silver) into PCL filament and 

construct the 3D models of a wound in the area of nose and ear. Controlled release of 

antibacterial ions for period of 7 days at the wound site in addition to the enhancement 

of the wound healing process, demonstrated the potential of this concept for developing 

customized shape and size wound dressings [208]. 

Si et al., developed a 3D-bioprinted, double-crosslinked, hyaluronic-acid hydrogel 

wound dressing for controlled release of Nafcillin. This wound dressing was capable of  

releasing the encapsulated drug cargo up to 11 days [210]. 

Alizadehgiashi et al., have engineered a multifunctional, multicomponent 3D printed 

substrate for fabricating a customized wound dressing. Various therapeutic agents 

including small molecules, metal nanoparticles, and proteins were selectively integrated 

within the hydrogel base. The results of in vitro and in vivo studies demonstrated an 
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improvement in granulation tissue formation and differential levels of vascular density 

[211]. 

Other applications of 3DP LADDS in treatment of chronic diseases: 

     Inflammatory bowel diseases are considered as groups of chronic inflammatory 

disorders of the gastrointestinal tract (GIT) impacting millions of patients around the 

world [212].  

      Notwithstanding, wide range of oral based DDS were developed to deliver required 

drugs to the site of inflammation in GIT specifically in intestine, but, due to the harsh 

environment of GIT where only a fraction of drug molecules can reach to the targeted 

site, the therapeutic efficiency of oral administered drugs was drastically subsided. 

According to this substantial limitation of oral delivery route of drugs for diseases 

related to the GIT system, researchers have focused their research and studies to 

developed novel local DDS to enhance pharmaceutical properties of administered drugs 

[213].  

      Rectal delivery of drugs, has been proposed as an effective promising approach of 

local delivery of drug molecules to enhance therapeutic efficacy and maximizing drug 

bioavailability at the intended site of action. Suppositories are class of dosage forms 

that used by insertion into the body orifice (rectum) and release the containing drugs by 

dissolving or melting inside it [214, 215].   

     Recently, thanks to the tremendous advantages of 3DP technology, researchers have 

taken one step further in manufacturing personalized pharmaceutical products. In 

industry, design and fabricating complex molds by 3DP technology is turned to a 

common technique for manufacturing objects in high numbers. With the advent of 3DP 

technology in pharmaceutical science, researchers have implemented the potential of 

https://en.wikipedia.org/wiki/Dosage_form
https://en.wikipedia.org/wiki/Body_orifice
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3D printing mold fabrication techniques, for developing shell molds with constant 

geometry but patients specific drug formulation [141, 216].  

      Ulcerative colitis known as one the most common disease of GIT resulted of harsh 

inflammation in the large part of intestine (colon and rectum) [217]. Rectal delivery of 

immunosuppressive therapies using suppositories have been introduced as a promising 

strategy to maximize the pharmaceutical properties of drug formulation at the targeted 

site of action [218]. In a study reported by Viano et al., a 3DP drug loaded rectal 

suppository was developed for treatment of Ulcerative colitis. To do so, two lipid 

pharmaceutical excipients (Gelucire 44/14 or Gelucire 48/16) and coconut oil were 3DP 

printed for encapsulation of tacrolimus suppositories in three different sizes by using a 

pharmaceutical semi-solid extrusion (SSE) technique. Developed suppository systems 

showed controlled drug release profile within 120 min after administration [219]. 

     In another similar approach, Persaud et al., have prepared personalized 3D printed 

controlled drug release rectal suppository for pre-referral treatment of severe malaria, 

in children under 6 years of age. For this purpose, FDM 3DP technique were used to 

prepare three types of polyvinyl alcohol (PVA) loaded artesunate suppositories. To 

prolong the drug release profile, artesunate were PEGylated in three different 

formulations: (i) polyethylene glycol (PEG)-based suppositories carrying free 

artesunate (non-modified artesunate), (ii) PEG-based suppositories carrying artesunate-

loaded micelles and (iii) 3D-printed suppositories carrying a PEG/artesunate mixture. 

In vitro drug release profile demonstrated that among all the formulated suppositories, 

formulation (iii) showed slowest release profile in comparison to the others [220]. 

     Tagami et al., have employed FDM 3DP technique for developing unique water-

soluble polymer (polyvinyl alcohol) suppository shell molds for preparing tailored drug 

suppository formulations with desired drug release profile. To control over the drug 
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release profile in the suppository, three holes with different diameters were designed in 

the structure of the mold. Pulsed release drug release behavior was observed for the 

Matryoshka-type Progesterone loaded suppository formulations for intravaginal drug 

delivery applications. This study proved the concept of 3DP technology in developing 

unique and complex DDS for tailormade medicine applications [221]. 

 

5.4 Other technologies  

      Other drug delivery technologies that have been utilized to fabricate LADDS 

include lipid/surfactant vesicles (liposomes, niosomes and cubosomes), microemulsion 

and microparticles. PLGA microspheres have been amongst the most successful 

LADDS. Microspheres can be in the range of 1 to 1000 µm. These microspheres are 

administered as injectable suspensions in aqueous vehicles. The microspheres may have 

different structures such as a polymeric matrix where the drug molecules are 

homogeneously dispersed in (microparticle), or a membrane-like wall surrounding 

core-containing drug (microcapsule) [222]. 

     The terms microspheres and microcapsules are often used interchangeably. There 

are numerous drugs and biologics that have been researched for development as 

pharmaceutical microspheres such as proteins (e.g., albumin, gelatin, and collagen). 

Excipients are mainly in the form of hydrophilic polymers such as (dextran and chitosan 

as well as PLGA [223].  

     Amongst the common techniques used for manufacturing of microspheres such as 

coacervation, spray drying which promote processes like solvent evaporation, ionic 

gelation and cross-linking to create the polymeric microspheres. These techniques were 
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extensively reported before [224]. Products based PLGA microspheres include Lupron 

Depot®, Trelstar® depot, Nutropin® depot, and Risperdal Consta® (Table 1).   

     Liposomes (phospholipid vesicles) are one of the most investigated lipid-based 

nanostructured vesicles for chemotherapeutic/anticancer drugs; liposomes have 

demonstrated ability to target cancer cells, prolong circulation time and reduce systemic 

drug toxicity [225]. Surface decorated phospholipid with polyethylene glycol (PEG) 

polymers forming PEGylated liposomes are sterically stabilized and can escape 

phagocytosis, prolong circulation time and reduce rapid elimination [226]. More recent 

surface modified version of liposomes using hyaluronic acid, peptide, transferrin have 

been studied [226].  

     Beclomethasone cubosomes-based gels have the capacity to prolong precorneal 

residence time (> 300 minutes), enhance ocular bioavailability (7.8 times as normalized 

for AUC0-10h), compared to the control suspension formulation. This is translated into 

delivery of therapeutic quantities of the steroid topically to the posterior segment of the 

eye to successfully treat experimentally induced  uveitis in rabbits [227]. The prepared 

cubosomes comprised monoolein (glyceryl monooleate) and were prepared using a top-

down method [227]. 

     EyeCRO™ has reported on a microemulsion-based drug ocular penetration system 

called (MiDROPS™) that has the capacity to solubilize high concentration of lipophilic 

drugs and deliver therapeutics to both anterior and posterior segments of the eye [228]. 

Cyclosporine A- based MiDROPS have been shown to be superior over a conventional 

formulation in reducing  dry eye as well as providing  reduced frequency of 

administration (once daily application) [228].    
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6 Future perspectives and concluding remarks   

    LADDS can hold a promise for treatment of numerous chronic diseases by providing 

more effective and safer options than conventional (immediate-release) of drug 

administration. Both efficacy and safety can be enhanced by formulating APIs (small 

drug molecules or biologics) using long-acting drug delivery systems (LADDS). 

LADDS possess benefits that have been recognized and ratified by regulatory 

authorities, clinicians, and patients. They can provide both prolonged systemic and 

localized effects for those patients that would usually require life-long treatment of 

debilitating chronic conditions such as eye diseases, diabetes, cancer and brain 

disorders [222].  

     Simple and scalable LADDS fabrication techniques like the solvent casting method 

and other innovative delivery systems such as microneedles fabrication, and 

technologies like electrospinning and 3-D printing can yield personalized implantable 

devices [229]. PLGA microspheres have gained regulatory approval by the US Food 

Drug Administration (FDA) and European Medicines Agency (EMA) as part of the 

dossier of many long-acting injectable products. Cost-effectiveness and safety of the 

polymers used to manufacture LADDS have been an issue mainly for regulatory bodies. 

Some LADDS require complex manufacturing methods where organic solvents might 

be used which poses safety concerns. Nevertheless, LADDS have proven to be a 

success in improving treatment outcomes for patients suffering from chronic eye 

diseases, diabetes, cancer, and brain diseases; either through improving bioavailability, 

reducing unwanted side effects, achieving drug targeting or promoting better patient 

treatment adherence [230, 231]. Several issues are yet to be resolved such as the cost 

and availability of biomaterials used to fabricate LADDS, the nature of complex 

systems of some LADDS, reliance of drug on external stimuli (light, laser and 
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application of Magnetism) of the carrier for obtaining consistent drug release that make 

the regulatory approval of some LADDS. The spiraling cost of biomaterials and poor 

understanding and limited availability of excipients that suit the newly emerging 

technologies such as 3-D printing and microneedle systems. Most of innovative ideas 

of long-acting anticancer drug delivery systems have been tested in animal models; 

extending such success in animal models to clinical phases faces many ethical and 

technical criticism by regulatory bodies. 

 



 

52 

 

7 References 

[1] M. Ibrahim, H.A. Sarhan, Y.W. Naguib, A. Abdelkader, Design, characterization and in vivo 
evaluation of modified release baclofen floating coated beads, Int. J. Pharm., 582 (2020) 
119344. 
[2] A. Abdelkader, D. Wetheim, B. Pierscionek, R.G. Alany, Curcumin in situ gelling polymeric 
insert with enhanced ocular performance, Pharmaceutics, 12 (2020) 1158. 
[3] R. Deanesly, A.S. Parkes, Biological properties of some new derivatives of testosterone, 
Biochem. J. , 31 (1937) 1161–1164. 
[4] S.W. Larsen , M.A. Thing , C. Larsen, Oily (Lipophilic) Solutions and Suspensions, in: J.C. 
Wright, D.J. Burgess (Eds.) Long Acting Injections and Implants, Springer, New York, USA, 
2012, pp. 113 - 136. 
[5] J.C. Wright, A.S. Hoffman, Historical overview of long acting injections and implants, in: 
J.C. Wright, D.J. Burgess (Eds.) Long Acting Injections and Implants Springer, New York, USA, 
2012, pp. 11-24. 
[6] L.G. De Oliveira, L.A. Figueiredo, G.M. Fernandes-Cunha, M.B. De Miranda, L.A. Machado, 
G.R. Dasilva, S.A. Lima De Moura, Methotrexate Locally Released from Poly(e-Caprolactone) 
Implants: Inhibition of the Inflammatory Angiogenesis Response in a Murine Sponge Model 
and the Absence of Systemic Toxicity, Journal of pharmaceutical sciences, 104 (2015) 3731-
3742. 
[7] R. Sheshala, G.C. Hong, W.P. Yee, V.S. Meka, R.G. Thakur, In situ forming phase-inversion 
implants for sustained ocular delivery of triamcinolone acetonide, Drug Deliv. Transl. Res., 9 
(2019) 534-542. 
[8] B. Vigani, Recent Advances in the Development of In Situ Gelling Drug Delivery Systems 
for Non-Parenteral Administration Routes, Pharmaceutics, 12 (2020) 9. 
[9] A.A. Al-Kinani, G. Zidan, N. Elsaid, A. Seyfoddin, A.W.G. Alani, R.G. Alany, Ophthalmic gels: 
Past, present and future, Adv Drug Deliv Rev, 126 (2018) 113-126. 
[10] P.L. Destruel, Novel in situ gelling ophthalmic drug delivery system based on gellan gum 
and hydroxyethylcellulose: Innovative rheological characterization, in vitro and in vivo 
evidence of a sustained precorneal retention time, Int J. Pharm., 574 (2020). 
[11] Y. Ge, Penetratin-modified lutein nanoemulsion in-situ gel for the treatment of age-
related macular degeneration, Expert Opin Drug Deliv, , 17 (2020) 603-619. 
[12] Y. Ge, A. Zhang, R. Sun, J. Xu, T. Yin, H. He, Penetratin-modified lutein nanoemulsion in-
situ gel for the treatment of age-related macular degeneration, Expert Opin Drug Deliv. , 17 
(2020) 603-619. 
[13] M. Dai, ., L. Bai, H. Zhang, Q. Ma, R. Luo, F. Lei, A novel flunarizine hydrochloride-loaded 
organogel for intraocular drug delivery in situ: Design, physicochemical characteristics and 
inspection, Int J Pharm., 576 (2020) 119027. 
[14] Y. Chen, Y. Liu, J. Xie, Q. Zheng, P. Yue, L. Chen, P. Hu, M. Yang, Nose-to-Brain Delivery 
by Nanosuspensions-Based in situ Gel for Breviscapine, Int J Nanomedicine, 15 (2020) 10435-
10451. 
[15] U.A. Fahmy, O.A.A. Ahmed, S.M. Badr-Eldin, H.M. Aldawsari, S.Z. Okbazghi, Z.A. Awan, 
Optimized Nanostructured Lipid Carriers Integrated into In Situ Nasal Gel for Enhancing Brain 
Delivery of Flibanserin, Int J Nanomedicine, 2020 (2020) 15:5253-5264. 
[16] F. Gu, H. Fan, Z. Cong, S. Li, Y. Wang, C. Wu, Preparation, characterization, and in vivo 
pharmacokinetics of thermosensitive in situ nasal gel of donepezil hydrochloride, Acta 
Pharm. , 70 (2020) 411-422. 
[17] N. Nafee, A. Ameen, O.Y. Abdallah, Patient-Friendly, Olfactory-Targeted, Stimuli-
Responsive Hydrogels for Cerebral Degenerative Disorders Ensured > 400% Brain Targeting 
Efficiency in Rats, AAPS PharmSciTech, 22 (2020) 6. 



 

53 

 

[18] M.J. Majcher, A. Babar, A. Lofts, A. Leung, X. Li, F. Abu-Hijleh, In situ-gelling starch 
nanoparticle (SNP)/O-carboxymethyl chitosan (CMCh) nanoparticle network hydrogels for 
the intranasal delivery of an antipsychotic peptide, Journal of Controlled Release, 330 (2021) 
738-752. 
[19] Y. Sun, L. Li, H. Xie, Y. Wang, S. Gao, L. Zhang, Primary Studies on Construction and 
Evaluation of Ion-Sensitive in situ Gel Loaded with Paeonol-Solid Lipid Nanoparticles for 
Intranasal Drug Delivery, Int J Nanomedicine, 15 (2020) 3137-3160. 
[20] C.T. Uppuluri, P.R. Ravi, A.V. Dalvi, S.S. Shaikh, S.R. Kale, Piribedil loaded thermo-
responsive nasal in situ gelling system for enhanced delivery to the brain: formulation 
optimization, physical characterization, and in vitro and in vivo evaluation. , Drug Deliv Transl 
Res. , (2020). 
[21] Q.S. Wang, K. Li, L.N. Gao, Y. Zhang, K.M. Lin, Y.L. Cui, Intranasal delivery of berberine 
via in situ thermoresponsive hydrogels with non-invasive therapy exhibits better 
antidepressant-like effects, Biomater Sci. , (2020) 2853-2865. 
[22] L. Chen, X. Han, X. Xu, Q. Zhang, Y. Zeng, Q. Su, . Optimization and Evaluation of the 
Thermosensitive In Situ and Adhesive Gel for Rectal Delivery of Budesonide, AAPS 
PharmSciTech. , 21 (2020) 97. 
[23] Q. Yao, Y.W. Zheng, Q.H. Lan, L.F. Wang, Z.W. Huang, R. Chen, Aloe/poloxamer hydrogel 
as an injectable β-estradiol delivery scaffold with multi-therapeutic effects to promote 
endometrial regeneration for intrauterine adhesion treatment, Eur J Pharm Sci, 148 (2020) 
105316. 
[24] C.H. Wu , M.K. Sun, Y. Kung, Y.C. Wang, S.L. Chen, H.H. Shen, One injection for one-week 
controlled release: In vitro and in vivo assessment of ultrasound-triggered drug release from 
injectable thermoresponsive biocompatible hydrogels, Ultrason Sonochem, 62 (2020) 
104875. 
[25] B. Zhuang, T. Chen, Z. Xiao, Y. Jin Drug-loaded implantable surgical cavity-adaptive 
hydrogels for prevention of local tumor recurrence, Int J Pharm., 577 (2020) 119048. 
[26] G.P. Mishra, R. Kinser, I.H. Wierzbicki, R.G. Alany, A.W. Alani, In situ gelling 
polyvalerolactone-based thermosensitive hydrogel for sustained drug delivery, Eur J Pharm 
Biopharm, 88 (2014) 397-405. 
[27] M. Khodadadi, S. Alijani, M. Montazeri, N. Esmaeilizadeh, S. Sadeghi-Soureh, Y. Pilehvar-
Soltanahmadi, Recent advances in electrospun nanofiber-mediated drug delivery strategies 
for localized cancer chemotherapy, J Biomed Mater Res A, 108 (2020) 1444-1458. 
[28] J. Shen, D.J. Burgess, Drugs for Long Acting Injections and Implants, in: J.C. Wright, D.J. 
Burgess (Eds.) Long Acting Injections and Implants, Springer, New Yoork, USA, 2012, pp. 73 - 
91. 
[29] H. Savoji, A. Mehdizadeh, A. Ramazani Saadat Abadi, Transdermal Nitroglycerin Delivery 
Using Acrylic Matrices: Design, Formulation, and In Vitro Characterization, ISRN 
Pharmaceutics, 2014 (2014) 493245. 
[30] G. Gaucher, R.H. Marchessault, J.-C. Leroux, Polyester-based micelles and nanoparticles 
for the parenteral delivery of taxanes, J. Control. Release, 143 (2010 ) 2–12. 
[31] J.D. Rudnick, J.M. Sarmiento, B. Uy, M. Nuno, C.J. Wheeler, M.J. Mazer, H. Wang, J.L. 
Hua, R.M. Chu, S. Phuphanich, K.L. Black, J.S. Yu, A phase I trial of surgical resection with 
Gliadel Wafer placement followed by vaccination with dendritic cells pulsed with tumor 
lysate for patients with malignant glioma, Journal of Clinical Neuroscience 74 (2020) 187–
193. 
[32] J. Slager, B. Tyler, A. Shikanov, A.J. Domb, K. Shogen, D. Sidransky, H. Brem, Local 
controlled delivery of anti-neoplastic RNAse to the brain, Pharm. Res., 26 (2009) 1838–1846. 
[33] P. Osaadon, X.J. Fagan, T. Lifshitz, J. Levy, A review of anti-VEGF agents for proliferative 
diabetic retinopathy, Eye, 28 (2014) 510–520. 



 

54 

 

[34] C.M. Andreoli, J.W. Miller, Anti-vascular endothelial growth factor therapy for ocular 
neovascular disease, Current Opinion in Ophthalmology 18 (2007) 502–508. 
[35] E.A. Thackaberry, F. Lorget, C. Farman, V. Bantseev, The safety evaluation of long-acting 
ocular delivery systems, Drug discovery today, 24 (2019) 1539-1550. 
[36] S. Gaballa, U.B. Kompella, O. El Garhy, A.M. Alqahtani, B. Pierscionek, R.G. Alany, H. 
Abdelkader, Corticosteroids in ophthalmology: drug delivery innovations, pharmacology, 
clinical applications, and future perspectives, Drug Deliv. Transl. Res., 3 (2021) 866-893. 
[37] Z. Mohtashami, Z. Esmaili, M.A. Vakilinezhad, E. Seyedjafari, H. Akbari Javar, 
Pharmaceutical implants: classification, limitations and therapeutic applications, Pharm Dev 
Technol, 25 (2020) 116-132. 
[38] I. Eisai, GLIADEL® wafer, Arbor Pharmaceuticals, Woodcliff Lake, NJ 07677, 1996. 
[39] D. Hanahan, R.A. Weinberg, The hallmarks of cancer, cell, 100 (2000) 57-70. 
[40] R.S. Schwartz, Paul Ehrlich's magic bullets, New England Journal of Medicine, 350 (2004) 
1079-1080. 
[41] S. Senapati, A. Mahanta, S. Kumar, P. Maiti, Controlled drug delivery vehicles for cancer 
treatment and their performance, Signal Transduction and Targeted Therapy, 3 (2018) 7. 
[42] F. Masood, Polymeric nanoparticles for targeted drug delivery system for cancer 
therapy, Materials Science and Engineering: C, 60 (2016) 569-578. 
[43] L.K. Fung, W.M. Saltzman, Polymeric implants for cancer chemotherapy, Advanced drug 
delivery reviews, 26 (1997) 209-230. 
[44] T.F. Aflague, R.T. Leon Guerrero, C.J. Boushey, Adaptation and evaluation of the willtry 
tool among children in Guam, (2014). 
[45] H. Schmidt, Chronic disease prevention and health promotion, Public health ethics: 
Cases spanning the globe, (2016) 137-176. 
[46] N.L. Elstad, K.D. Fowers, OncoGel (ReGel/paclitaxel) - Clinical applications for a novel 
paclitaxel delivery system, Advanced Drug Delivery Reviews 61 (2009) 785-794. 
[47] G. Cirillo, U.G. Spizzirri, M. Curcio, F.P. Nicoletta, F. Iemma, Injectable hydrogels for 
cancer therapy over the last decade, Pharmaceutics, 11 (2019) 486. 
[48] Y. Han, J. Pan, N. Liang, X. Gong, S. Sun, A pH-Sensitive Polymeric Micellar System Based 
on Chitosan Derivative for Efficient Delivery of Paclitaxel, Int. J. Mol. Sci. , 22 (2021) 6659. 
[49] D.A. Rao, G. Mishra, B.S. Doddapaneni, S. Kyryachenko, I.H. Wierzbicki, D.X. Ngyuen, V. 
Shah, A.M. Al Fatease, R.G. Alany, A.W.G. Alani, Combinatorial Polymeric Conjugated 
Micelles with Dual Cytotoxic and Antiangiogenic Effects for the Treatment of Ovarian Cancer, 
Chemistry of Materials, 28 (2016) 6068-6079. 
[50] P. Saeedi , I. Petersohn, P. Salpea, B. Malanda, S. Karuranga, N. Unwin, Global and 
regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results 
from the International Diabetes Federation Diabetes Atlas, 9(th) edition, Diabetes Res Clin 
Pract. , 157 (2019) 107843. 
[51] R. Zhao, Z. Lu, J. Yang, L. Zhang, Y. Li, X. Zhang, Drug Delivery System in the Treatment of 
Diabetes Mellitus, Front Bioeng Biotechnol., 8 (2020 ) 1-16. 
[52] R. Zhao, Z. Lu, J. Yang, L. Zhang, Y. Li, X. Zhang, Pullulan microneedle patches for the 
efficient transdermal administration of insulin envisioning diabetes treatment, Carbohydrate 
Polymers, 241 ( 2020) 116314. 
[53] A. Abramson, E. Caffarel-Salvador, M. Khang, D. Dellal, D. Silverstein, Y. Gao, M. 
Frederiksen, A. Vegge, F. Hubálek, J.J. Water, A.V. Friderichsen, J. Fels , C. Cleveland, G. 
Traverso, An ingestible self-orienting system for oral delivery of macromolecules, Science, 
363 (2019) 611. 
[54] Y. Zhang, M. Wu, T. Tan, Q. Liu, R. Xia, M. Chen, Y. Liu, L. Xue, Y. Lei, A dissolving and 
glucose-responsive insulin-releasing microneedle patch for type 1 diabetes therapy, Journal 
of Materials Chemistry B, 9 (2021) 648-657. 



 

55 

 

[55] K.B. Pawar, S. Desai, R. Bhonde, R. Bhole, A. Deshmukh, Wound With Diabetes: Present 
Scenario And Future, Curr. Diabetes Rev., Online ahead of print. (2020). 
[56] R. Augustine, A. Hasan, Y. Dalvi, S. Rehman, R. Varghese, R. Unni, H. Yalcin, H. Alfkey, S. 
Thomas, A. Al Moustafa, Growth factor loaded in situ photocrosslinkable poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)/gelatin methacryloyl hybrid patch for diabetic 
wound healing, Materials Science and Engineering C, 118 (2021) 111519. 
[57] H. Kaurav, D.N. Kapoor, Implantable systems for drug delivery to the brain, Ther. Deliv., 
8 (2017) 1097–1107. 
[58] M. Cook, M. Murphy, K. Bulluss, W. D’Souzaa, K. Plummera, E. Priesta, K. Williams, A. 
Sharan, R. Fisher, S. Pincus, E. Distad, T. Anchordoquy, D. Abrams, Anti-
seizuretherapywithalong-term,implantedintra-cerebroventriculardeliverysystemfordrug-
resistantepilepsy:Afirst-in-manstudy, EClinicalMedicine 22 (2020) 100326  
[59] X. Dong, Current strategies for brain drug delivery, Theranostics, 8 (2018) 1481-1493. 
[60] A.J. Halliday, S.E. Moulton, G.G. Wallace, M.J. Cook, Novel methods of antiepileptic drug 
delivery polymer-based implants, Adv. Drug Deliv. Rev., 64 (2012) 953–964. 
[61] D.A. Bota, A. Desjardins, J.A. Quinn, M.L. Affronti, H.S. Friedman, Interstitial 
chemotherapy with biodegradable BCNU (Gliadels) wafers in the treatment of malignant 
gliomas, Ther. Clin. Risk Manag. , 3 (2007) 707- 715. 
[62] M. Wallace, T. Yaksh, Long-term spinal analgesic delivery: A review of the preclinical and 
clinical literature, Regional Anesthesia and Pain Medicine, 25 (2000) 117 157. 
[63] K. Suri, J. Wolfram, H. Shen, M. Ferrari, Advances in Nanotechnology-Based Drug 
Delivery Platforms and Novel Drug Delivery Systems, in: M. Singh, M. Salnikova (Eds.) Novel 
Approaches and Strategies for Biologics, Vaccines and Cancer Therapies, Academic 
Press2015, pp. 41-58. 
[64] T.A. Treves, V.b. Chandra, K. A.D, Parkinson's and Alzheimer's Diseases: epidemiological 
comparison, Neuroepidemiology, 12 (1993) 336–344. 
[65] D. Aarsland, M.W. Kurz, The epidemiology of dementia associated with Parkinson's 
disease, Brain Pathol., 20 (2010 ) 633-639. 
[66] D. Safarpour, A.W. Willis, Clinical epidemiology, evaluation, and management of 
dementia in Parkinson Disease, American Journal of Alzheimer’s Disease & Other 
Dementias®, 31 (2016) 585-594. 
[67] D. Duthey, Alzheimer Disease and other Dementias, WHO Report, 6.11 (2013) 1-74. 
[68] S. Rio-Sancho, E. Jiménez, M. Calatayud-Pascual, C. Balaguer-Fernández, A. Femenía-
Font, V. Merino, L. Castellano, Transdermal absorption of memantin--effect of chemical 
enhancers, iontophoresis, and role of enhancer lipophilicity, Eur J Pharm Biopharm., 82 
(2012 ) 164-170. 
[69] P. Chou, K. Jhang, L. Huang, W. Wang, Y. Yang, Skinfold thickness for rivastigmine patch 
application in Alzheimer’s disease, Psychopharmacology, 236 (2019) 1255–1260. 
[70] Y.M. Bai, T.T. Chen, B. Wu, C.H. Hung, W.K. Lin, T.M. Hu, C.-Y. Lin, P. Chou, A 
comparative efficacy and safety study of long-acting risperidone injection and risperidone 
oral tablets among hospitalized patients: 12-week randomized, single-blind study, 
Pharmacopsychiatry, 39 (2006 ) 135-141. 
[71] J.M. Kane, H.C. Detke, D. Naber, G. Sethuraman, D.Y. Lin, R.F. Bergstrom, D. McDonnell, 
Olanzapine long acting injection: a 24-week, randomized, double-blind trial of maintenance 
treatment in patients with schizophrenia, Am. J. Psychiatry 167 (2010) 181 - 189. 
[72] S.M. Salvi, S. Akhtar, Z. Currie, Ageing changes in the eye, Postgrad. Med. J., 82 (2006) 
581–587. 
[73] H. Abdelkader, D.V. Patel, C.N. McGhee, R.G. Alany, New therapeutic approaches in the 
treatment of diabetic keratopathy: a review, Clinical & experimental ophthalmology, 39 
(2011) 259-270. 



 

56 

 

[74] H. Abdelkader, R.G. Alany, B. Pierscionek, Age-related cataract and drug therapy: 
opportunities and challenges for topical antioxidant delivery to the lens, J. Pharm. 
Pharmacol., 67 (2015) 537-550. 
[75] I.B. Osuna, V.A. Guerrero, A.A. Romera, S.E. PérezIrene, T.M. Martínez, R.H. Vanrell, 
Microspheres as intraocular therapeutic tools in chronic diseases of the optic nerve and 
retina, Adv. Drug. Del. Rev., 126 (2018) 127-144. 
[76] D. Bredt, S.H. Snyder, Nitric oxide: a physiologic messenger molecule, Annual review of 
biochemistry, 63 (1994) 175-195. 
[77] WHO, World report on vision, WHO Report, 2019 (2019) 1-160. 
[78] H. Abdelkader, R. G Alany, Controlled and continuous release ocular drug delivery 
systems: pros and cons, Current drug delivery, 9 (2012) 421-430. 
[79] M.F. Saettonea, L. Salminen, Ocular inserts for topical delivery, Adv. Drug. Del. Rev., 16 
(1995) 95-106. 
[80] J.C. Lang, R.E. Roehrs, D.P. Rodeheaver, P.J. Missel, R. Jani , M.A. Chowhan, Design and 
evaluation of ophthalmic pharmaceutical products, in: G.S. Banker, C.T. Rhodes (Eds.) 
Modern Pharmaceutics, Marcel Dekker, New York, USA, 2002, pp. 626 -717. 
[81] F. Gurtler, R. Gurny, Patent literature review of ophthalmic inserts, Drug Dev. Ind. 
Pharm., 21 (1995) 1-18. 
[82] N. Gooch, S.A. Molokhia, R. Condie, R.M. Burr, B. Archer, B.K. Ambati, B. Wirostko, 
Ocular drug delivery for glaucoma management, Pharmaceutics, 4 (2012) 197-211. 
[83] H. Abdelkader, D. Wertheim, B. Pierscionek, R.G. Alany, Curcumin in situ Gelling 
polymeric insert with enhanced ocular performance, Pharmaceutics, 12 (2020) E1158. 
[84] J.D. Brandt, H.B. Dubiner, B. Benza, K.S. Sall, G.A. Walker, Long-term safety and efficacy 
of a sustained-release bimatoprost ocular ring, Ophthalmology, In Press (2020). 
[85] H. Abdelkader, B. Pierscionek, R.G. Alany, Novel in situ gelling ocular films for the opioid 
growth factor-receptor antagonist-naltrexone hydrochloride: fabrication, mechanical 
properties, mucoadhesion, tolerability and stability studies, Int. J. Pharm., 477 (2014) 631-
642. 
[86] R.H. Trivedi, M.E. Wilson, A sustained-release intracanalicular dexamethasone insert 
(Dextenza) for pediatric cataract surgery, Journal of American Association for Pediatric 
Ophthalmology and Strabismus, In Press (2020). 
[87] Ocular Therapeutix. Dextenza, 2016. 
[88] A. ElShaer, B. Ghatora, S. Mustafa, R.G. Alany, Contact lenses as drug reservoirs & 
delivery systems: the successes & challenges, Ther. Deliv., 5 (2014) 1085-1100. 
[89] P. Mehta, R. Haj-Ahmad, A. Al-Kinani, M.S. Arshad, M.W. Chang, R.G. Alany, Z. Ahmad, 
Approaches in topical ocular drug delivery and developments in the use of contact lenses as 
drug-delivery devices, Ther Deliv, 8 (2017) 521-541. 
[90] P. Mehta, A.A. Al-Kinani, R. Haj-Ahmad, M.S. Arshad, M.W. Chang, R.G. Alany, Z. Ahmad, 
Electrically atomised formulations of timolol maleate for direct and on-demand ocular lens 
coatings, Eur J Pharm Biopharm, 119 (2017) 170-184. 
[91] P. Mehta, A.A. Al-Kinani, M.S. Arshad, M.W. Chang, R.G. Alany, Z. Ahmad, Development 
and characterisation of electrospun timolol maleate-loaded polymeric contact lens coatings 
containing various permeation enhancers, Int J Pharm, 532 (2017) 408-420. 
[92] P. Mehta, A.A. Al-Kinani, M.S. Arshad, N. Singh, S.M. van der Merwe, M.W. Chang, R.G. 
Alany, Z. Ahmad, Engineering and Development of Chitosan-Based Nanocoatings for Ocular 
Contact Lenses, J Pharm Sci, 108 (2019) 1540-1551. 
[93] I. Allergan, OZURDEX®product information, in: I. Allergan (Ed.), Allergan, Inc. , 2014. 
[94] A. Malclès, C. Dot, N. Voirin, A.-L. Vié, É. Agard, D. Bellocq, P. Denis, L. Kodjikian, Safety 
of intravitreal dexamethasone implant (Ozurdex): the SAFODEX study. Incidence and risk 
factors of ocular hypertension, Retina, 37 (2017) 1352-1359. 



 

57 

 

[95] G.J. Jaffe, J. Ben-nun, H. Guo, J.P. Dunn, P. Ashton, Fluocinolone acetonide sustained 
drug delivery device to treat severe uveitis, Ophthalmology, 107 (2000) 2024-2033. 
[96] G.J. Jaffe, C.E. Pavesio, Effect of a Fluocinolone Acetonide Insert on Recurrence Rates in 
Noninfectious Intermediate, Posterior, or Panuveitis, Ophthalmology, In Press (2020). 
[97] I. Alimera Sciences, ILUVIEN® (fluocinolone acetonide intravitreal implant) 0.19 mg 
product information, in: I. Alimera Sciences (Ed.), Alimera Sciences, Inc., 2019. 
[98] WHO, Family Planning: A Global Handbook for Providers. , in: W.H.O.a.J.H.B.S.o.P. 
Health. (Ed.) World Health Organization and Johns Hopkins Bloomberg School of Public 
Health., WHO, USA, 2018  
[99] B.B. Pharriss, R. Erickson, J. Bashaw, S. Hoff, V.A. Place, A. Zaffaroni, Progestasert: a 
uterine therapeutic system for long-term contraception: I. Philosophy and clinical efficacy, 
Fertil. Steril., 25 (1974 ) 915-921. 
[100] K. Kato, A. Joachim, P. Nielsen, N.D. Habib, Norplant and its side effects, Zentralbl. 
Gynakol., 117 (1995) 260-262. 
[101] I. Endo Pharmaceuticals, TESTOPEL- testosterone pellet Endo Pharmaceuticals, Inc, 
Malvern, PA 19355, 2018. 
[102] G. Ma, C. Song, H. Sun, J. Yang, X. Leng, A biodegradable levonorgestrel-releasing 
implant made of PCL/F68 compound as tested in rats and dogs, Contraception, 74 (2006 ) 
141-147. 
[103] K. Ackerman, V. Singhal, C. Baskaran, M. Slattery, K. Reyes, A. Toth, K. Eddy, M. 
Bouxsein, H. Lee, A. Klibanski, M. Misra, Oestrogen replacement improves bone mineral 
density in oligo-amenorrhoeic athletes: a randomised clinical trial, Br J Sports Med, 53 (2019 
) 229-236. 
[104] S. Taghe, S. Mirzaeei, R.G. Alany, A. Nokhodchi, Polymeric inserts containing Eudragit® 
L100 nanoparticle for improved ocular delivery of azithromycin, Biomedicines, 8 (2020) 466. 
[105] B. Yavuz, J. Zeki, J.M. Coburn, N. Ikegaki, D. Levitin, D.L. Kaplan, B. Chiu, In vitro and in 
vivo evaluation of etoposide - silk wafers for neuroblastoma treatment, J. Control. Release, 
285 (2018) 162 - 171. 
[106] Y.-C. Kim, J.-H. Park, M.R. Prausnitz, Microneedles for drug and vaccine delivery, 
Advanced drug delivery reviews, 64 (2012) 1547-1568. 
[107] J.H. Jung, S.G. Jin, Microneedle for transdermal drug delivery: current trends and 
fabrication, J Pharm Investig, (2021) 1-15. 
[108] N. Dabholkar, S. Gorantla, T. Waghule, V.K. Rapalli, A. Kothuru, S. Goel, G. Singhvi, 
Biodegradable microneedles fabricated with carbohydrates and proteins: Revolutionary 
approach for transdermal drug delivery, Int J Biol Macromol, 170 (2021) 602-621. 
[109] N. Elahpour, F. Pahlevanzadeh, M. Kharaziha, H.R. Bakhsheshi-Rad, S. Ramakrishna, F. 
Berto, 3D printed microneedles for transdermal drug delivery: A brief review of two decades, 
Int J Pharm, 597 (2021) 120301. 
[110] S.R. Dabbagh, M.R. Sarabi, R. Rahbarghazi, E. Sokullu, A.K. Yetisen, S. Tasoglu, 3D-
printed microneedles in biomedical applications, iScience, 24 (2021) 102012. 
[111] C.S. Kolli, A.K. Banga, Characterization of solid maltose microneedles and their use for 
transdermal delivery, Pharm Res, 25 (2008) 104-113. 
[112] A.H. Sabri, Y. Kim, M. Marlow, D.J. Scurr, J. Segal, A.K. Banga, L. Kagan, J.B. Lee, 
Intradermal and transdermal drug delivery using microneedles - Fabrication, performance 
evaluation and application to lymphatic delivery, Adv Drug Deliv Rev, 153 (2020) 195-215. 
[113] E. Larrañeta, R.E. Lutton, A.J. Brady, E.M. Vicente-Pérez, A.D. Woolfson, R.R. Thakur, 
R.F. Donnelly, Microwave-Assisted Preparation of Hydrogel-Forming Microneedle Arrays for 
Transdermal Drug Delivery Applications, Macromol Mater Eng, 300 (2015) 586-595. 
[114] R.E. Lutton, J. Moore, E. Larrañeta, S. Ligett, A.D. Woolfson, R.F. Donnelly, Microneedle 
characterisation: the need for universal acceptance criteria and GMP specifications when 
moving towards commercialisation, Drug Deliv Transl Res, 5 (2015) 313-331. 



 

58 

 

[115] D.V. McAllister, M.G. Allen, M.R. Prausnitz, Microfabricated microneedles for gene and 
drug delivery, Annu Rev Biomed Eng, 2 (2000) 289-313. 
[116] A.D. Permana, F. Nainu, K. Moffatt, E. Larrañeta, R.F. Donnelly, Recent advances in 
combination of microneedles and nanomedicines for lymphatic targeted drug delivery, Wiley 
Interdiscip Rev Nanomed Nanobiotechnol, (2021) e1690. 
[117] C.I. Shin, S.D. Jeong, N.S. Rejinold, Y.C. Kim, Microneedles for vaccine delivery: 
challenges and future perspectives, Ther Deliv, 8 (2017) 447-460. 
[118] S. Babity, M. Roohnikan, D. Brambilla, Advances in the Design of Transdermal 
Microneedles for Diagnostic and Monitoring Applications, Small, 14 (2018) e1803186. 
[119] L. Xie, H. Zeng, J. Sun, W. Qian, Engineering Microneedles for Therapy and Diagnosis: A 
Survey, Micromachines (Basel), 11 (2020). 
[120] X. Zhang, Y. Wang, J. Chi, Y. Zhao, Smart Microneedles for Therapy and Diagnosis, 
Research (Wash D C), 2020 (2020) 7462915. 
[121] P. Batra, A. Dawar, S. Miglani, Microneedles and Nanopatches-Based Delivery Devices 
in Dentistry, Discoveries (Craiova), 8 (2020) e116. 
[122] Z. Chen, J. He, J. Qi, Q. Zhu, W. Wu, Y. Lu, Long-acting microneedles: a progress report 
of the state-of-the-art techniques, Drug Discov Today, 25 (2020) 1462-1468. 
[123] P. Gupta, K.S. Yadav, Applications of microneedles in delivering drugs for various ocular 
diseases, Life Sci, 237 (2019) 116907. 
[124] K. Lee, M.J. Goudie, P. Tebon, W. Sun, Z. Luo, J. Lee, S. Zhang, K. Fetah, H.J. Kim, Y. Xue, 
M.A. Darabi, S. Ahadian, E. Sarikhani, W. Ryu, Z. Gu, P.S. Weiss, M.R. Dokmeci, N. 
Ashammakhi, A. Khademhosseini, Non-transdermal microneedles for advanced drug 
delivery, Adv Drug Deliv Rev, 165-166 (2020) 41-59. 
[125] J.H. Park, M.G. Allen, M.R. Prausnitz, Polymer microneedles for controlled-release drug 
delivery, Pharm Res, 23 (2006) 1008-1019. 
[126] J.W. Lee, J.H. Park, M.R. Prausnitz, Dissolving microneedles for transdermal drug 
delivery, Biomaterials, 29 (2008) 2113-2124. 
[127] P.C. Demuth, W.F. Garcia-Beltran, M.L. Ai-Ling, P.T. Hammond, D.J. Irvine, Composite 
dissolving microneedles for coordinated control of antigen and adjuvant delivery kinetics in 
transcutaneous vaccination, Adv Funct Mater, 23 (2013) 161-172. 
[128] B.Z. Chen, M. Ashfaq, D.D. Zhu, X.P. Zhang, X.D. Guo, Controlled Delivery of Insulin 
Using Rapidly Separating Microneedles Fabricated from Genipin-Crosslinked Gelatin, 
Macromol Rapid Commun, 39 (2018) e1800075. 
[129] B.Z. Chen, M. Ashfaq, X.P. Zhang, J.N. Zhang, X.D. Guo, In vitro and in vivo assessment 
of polymer microneedles for controlled transdermal drug delivery, J Drug Target, 26 (2018) 
720-729. 
[130] B. Cai, W. Xia, S. Bredenberg, H. Li, H. Engqvist, Bioceramic microneedles with flexible 
and self-swelling substrate, Eur J Pharm Biopharm, 94 (2015) 404-410. 
[131] R. Liu, M. Zhang, C. Jin, In vivo and in situ imaging of controlled-release dissolving silk 
microneedles into the skin by optical coherence tomography, J Biophotonics, 10 (2017) 870-
877. 
[132] G. Yang, M. He, S. Zhang, M. Wu, Y. Gao, An acryl resin-based swellable microneedles 
for controlled release intradermal delivery of granisetron, Drug Dev Ind Pharm, 44 (2018) 
808-816. 
[133] G. Mahadevan, H. Sheardown, P. Selvaganapathy, PDMS embedded microneedles as a 
controlled release system for the eye, J Biomater Appl, 28 (2013) 20-27. 
[134] M. Amer, R.K. Chen, Self-Adhesive Microneedles with Interlocking Features for 
Sustained Ocular Drug Delivery, Macromol Biosci, 20 (2020) e2000089. 
[135] K. Ita, Transdermal Delivery of Drugs with Microneedles-Potential and Challenges, 
Pharmaceutics, 7 (2015) 90-105. 



 

59 

 

[136] A.-R. Cho Lee, Microneedle-mediated delivery of cosmeceutically relevant nucleoside 
and peptides in human skin: challenges and strategies for dermal delivery, Journal of 
Pharmaceutical Investigation, 49 (2019) 587-601. 
[137] C. Strasinger, S.G. Raney, D.C. Tran, P. Ghosh, B. Newman, E.D. Bashaw, T. Ghosh, C.G. 
Shukla, Navigating sticky areas in transdermal product development, J Control Release, 233 
(2016) 1-9. 
[138] A. Tucak, M. Sirbubalo, L. Hindija, O. Rahić, J. Hadžiabdić, K. Muhamedagić, A. Čekić, E. 
Vranić, Microneedles: Characteristics, Materials, Production Methods and Commercial 
Development, Micromachines (Basel), 11 (2020). 
[139] I. Seoane-Viaño, F.J. Otero-Espinar, Á. Goyanes, 3D printing of pharmaceutical 
products,  Additive Manufacturing, Elsevier2021, pp. 569-597. 
[140] B.C. Gross, J.L. Erkal, S.Y. Lockwood, C. Chen, D.M. Spence, Evaluation of 3D printing 
and its potential impact on biotechnology and the chemical sciences, ACS Publications, 2014. 
[141] J. Goole, K. Amighi, 3D printing in pharmaceutics: a new tool for designing customized 
drug delivery systems, International journal of pharmaceutics, 499 (2016) 376-394. 
[142] C. Chua, K. Leong, J. An, Additive Manufacturing and 3D Printing,  Biomedical 
Materials, Springer2021, pp. 621-652. 
[143] S.A. Tofail, E.P. Koumoulos, A. Bandyopadhyay, S. Bose, L. O’Donoghue, C. Charitidis, 
Additive manufacturing: scientific and technological challenges, market uptake and 
opportunities, Materials today, 21 (2018) 22-37. 
[144] D. Kumar Gupta, M.H. Ali, A. Ali, P. Jain, M.K. Anwer, Z. Iqbal, M.A. Mirza, 3D printing 
technology in healthcare: applications, regulatory understanding, IP repository and clinical 
trial status, Journal of Drug Targeting, (2021) 1-40. 
[145] S. Jacob, A.B. Nair, V. Patel, J. Shah, 3D Printing Technologies: Recent Development 
and Emerging Applications in Various Drug Delivery Systems, AAPS PharmSciTech, 21 (2020) 
1-16. 
[146] A. Awad, S.J. Trenfield, A. Goyanes, S. Gaisford, A.W. Basit, Reshaping drug 
development using 3D printing, Drug discovery today, 23 (2018) 1547-1555. 
[147] A. Chandekar, D.K. Mishra, S. Sharma, G.K. Saraogi, U. Gupta, G. Gupta, 3D printing 
technology: a new milestone in the development of pharmaceuticals, Current 
pharmaceutical design, 25 (2019) 937-945. 
[148] S.J. Trenfield, C.M. Madla, A.W. Basit, S. Gaisford, Binder jet printing in pharmaceutical 
manufacturing,  3D Printing of Pharmaceuticals, Springer2018, pp. 41-54. 
[149] D.-G. Yu, C. Branford-White, Z.-H. Ma, L.-M. Zhu, X.-Y. Li, X.-L. Yang, Novel drug delivery 
devices for providing linear release profiles fabricated by 3DP, International journal of 
pharmaceutics, 370 (2009) 160-166. 
[150] S.-Y. Chang, S.W. Li, K. Kowsari, A. Shetty, L. Sorrells, K. Sen, K. Nagapudi, B. Chaudhuri, 
A.W. Ma, Binder-Jet 3D Printing of Indomethacin-laden Pharmaceutical Dosage Forms, 
Journal of Pharmaceutical Sciences, 109 (2020) 3054-3063. 
[151] L.J. Deiner, E. Farjami, Diffuse reflectance infrared spectroscopic identification of 
dispersant/particle bonding mechanisms in functional inks, JoVE (Journal of Visualized 
Experiments), (2015) e52744. 
[152] Q. Gao, Y. He, J.-z. Fu, J.-j. Qiu, Y.-a. Jin, Fabrication of shape controllable alginate 
microparticles based on drop-on-demand jetting, Journal of Sol-Gel Science and Technology, 
77 (2016) 610-619. 
[153] B.K. Lee, Y.H. Yun, J.S. Choi, Y.C. Choi, J.D. Kim, Y.W. Cho, Fabrication of drug-loaded 
polymer microparticles with arbitrary geometries using a piezoelectric inkjet printing system, 
International journal of pharmaceutics, 427 (2012) 305-310. 
[154] I. Gibson, D. Rosen, B. Stucker, M. Khorasani, Additive manufacturing technologies, 
Springer2014. 



 

60 

 

[155] M. Cunha-Filho, M.R. Araújo, G.M. Gelfuso, T. Gratieri, FDM 3D printing of modified 
drug-delivery systems using hot melt extrusion: A new approach for individualized therapy, 
Therapeutic delivery, 8 (2017) 957-966. 
[156] S.A. Stewart, J. Domínguez-Robles, V.J. McIlorum, E. Mancuso, D.A. Lamprou, R.F. 
Donnelly, E. Larrañeta, Development of a biodegradable subcutaneous implant for 
prolonged drug delivery using 3D printing, Pharmaceutics, 12 (2020) 105. 
[157] M.S. Algahtani, A.A. Mohammed, J. Ahmad, Extrusion-based 3D printing for 
pharmaceuticals: Contemporary research and applications, Current pharmaceutical design, 
24 (2018) 4991-5008. 
[158] K. Vithani, A. Goyanes, V. Jannin, A.W. Basit, S. Gaisford, B.J. Boyd, An overview of 3D 
printing technologies for soft materials and potential opportunities for lipid-based drug 
delivery systems, Pharmaceutical research, 36 (2019) 1-20. 
[159] E. Mathew, G. Pitzanti, E. Larrañeta, D.A. Lamprou, 3D printing of pharmaceuticals and 
drug delivery devices, Multidisciplinary Digital Publishing Institute, 2020. 
[160] J. Liu, T. Tagami, T. Ozeki, Fabrication of 3D-printed fish-gelatin-based polymer 
hydrogel patches for local delivery of pegylated liposomal doxorubicin, Marine drugs, 18 
(2020) 325. 
[161] E. Sjöholm, R. Mathiyalagan, D. Rajan Prakash, L. Lindfors, Q. Wang, X. Wang, S. Ojala, 
N. Sandler, 3D-Printed Veterinary Dosage Forms—A Comparative Study of Three Semi-Solid 
Extrusion 3D Printers, Pharmaceutics, 12 (2020) 1239. 
[162] F.P. Melchels, J. Feijen, D.W. Grijpma, A review on stereolithography and its 
applications in biomedical engineering, Biomaterials, 31 (2010) 6121-6130. 
[163] W. Jamróz, J. Szafraniec, M. Kurek, R. Jachowicz, 3D printing in pharmaceutical and 
medical applications–recent achievements and challenges, Pharmaceutical research, 35 
(2018) 1-22. 
[164] P.R. Martinez, A. Goyanes, A.W. Basit, S. Gaisford, Fabrication of drug-loaded 
hydrogels with stereolithographic 3D printing, International journal of pharmaceutics, 532 
(2017) 313-317. 
[165] A. Awad, F. Fina, S.J. Trenfield, P. Patel, A. Goyanes, S. Gaisford, A.W. Basit, 3D printed 
pellets (miniprintlets): A novel, multi-drug, controlled release platform technology, 
Pharmaceutics, 11 (2019) 148. 
[166] P. Kulinowski, P. Malczewski, E. Pesta, M. Łaszcz, A. Mendyk, S. Polak, P. Dorożyński, 
Selective laser sintering (SLS) technique for pharmaceutical applications-development of 
high dose controlled release printlets, Additive Manufacturing, (2020) 101761. 
[167] N. Welsh, C.F. McCoy, D.J. Murphy, R.K. Malcolm, B. Devlin, P. Boyd, Density mediated 
drug release from dapivirine vaginal rings produced by additive manufacturing,  AIDS 
RESEARCH AND HUMAN RETROVIRUSES, MARY ANN LIEBERT, INC 140 HUGUENOT STREET, 
3RD FL, NEW ROCHELLE, NY 10801 USA, 2018, pp. 227-227. 
[168] M. Pandey, H. Choudhury, J.L.C. Fern, A.T.K. Kee, J. Kou, J.L.J. Jing, H.C. Her, H.S. Yong, 
H.C. Ming, S.K. Bhattamisra, 3D printing for oral drug delivery: A new tool to customize drug 
delivery, Drug delivery and translational research, (2020) 1-16. 
[169] H. Kadry, S. Wadnap, C. Xu, F. Ahsan, Digital light processing (DLP) 3D-printing 
technology and photoreactive polymers in fabrication of modified-release tablets, European 
Journal of Pharmaceutical Sciences, 135 (2019) 60-67. 
[170] K. Rycerz, K.A. Stepien, M. Czapiewska, B.T. Arafat, R. Habashy, A. Isreb, M. Peak, M.A. 
Alhnan, Embedded 3D printing of novel bespoke soft dosage form concept for pediatrics, 
Pharmaceutics, 11 (2019) 630. 
[171] K.K. Ahmed, M.A. Tamer, M.M. Ghareeb, A.K. Salem, Recent advances in polymeric 
implants, AAPS PharmSciTech, 20 (2019) 1-10. 



 

61 

 

[172] B. Begines, T. Ortiz, M. Pérez-Aranda, G. Martínez, M. Merinero, F. Argüelles-Arias, A. 
Alcudia, Polymeric nanoparticles for drug delivery: Recent developments and future 
prospects, Nanomaterials, 10 (2020) 1403. 
[173] F. Corduas, E. Mancuso, D.A. Lamprou, Long-acting implantable devices for the 
prevention and personalised treatment of infectious, inflammatory and chronic diseases, 
Journal of Drug Delivery Science and Technology, (2020) 101952. 
[174] Z. Jing, T. Zhang, P. Xiu, H. Cai, Q. Wei, D. Fan, X. Lin, C. Song, Z. Liu, Functionalization 
of 3D-printed titanium alloy orthopedic implants: a literature review, Biomedical Materials, 
15 (2020) 052003. 
[175] A.T. Haase, Targeting early infection to prevent HIV-1 mucosal transmission, Nature, 
464 (2010) 217-223. 
[176] N. Phanuphak, R.M. Gulick, HIV treatment and prevention 2019: current standards of 
care, Current Opinion in HIV and AIDS, 15 (2020) 4-12. 
[177] R.M. Gulick, C. Flexner, Long-acting HIV drugs for treatment and prevention, Annual 
review of medicine, 70 (2019) 137-150. 
[178] E.D. Weld, C. Flexner, Long-acting implants to treat and prevent HIV infection, Current 
Opinion in HIV and AIDS, 15 (2020) 33. 
[179] C. Flexner, Antiretroviral implants for treatment and prevention of HIV infection, 
Current Opinion in HIV and AIDS, 13 (2018) 374-380. 
[180] B. Yavuz, J.L. Morgan, L. Showalter, K.R. Horng, S. Dandekar, C. Herrera, P. LiWang, D.L. 
Kaplan, Pharmaceutical approaches to HIV treatment and prevention, Advanced 
therapeutics, 1 (2018) 1800054. 
[181] S.R. Ugaonkar, A. Wesenberg, J. Wilk, S. Seidor, O. Mizenina, L. Kizima, A. Rodriguez, S. 
Zhang, K. Levendosky, J. Kenney, A novel intravaginal ring to prevent HIV-1, HSV-2, HPV, and 
unintended pregnancy, Journal of Controlled Release, 213 (2015) 57-68. 
[182] P. Boyd, B. Variano, P. Spence, C.F. McCoy, D.J. Murphy, Y.H.D. Bashi, R.K. Malcolm, In 
vitro release testing methods for drug-releasing vaginal rings, Journal of Controlled Release, 
313 (2019) 54-69. 
[183] R. Palmeira-de-Oliveira, A. Palmeira-de-Oliveira, J. Martinez-de-Oliveira, New 
strategies for local treatment of vaginal infections, Advanced drug delivery reviews, 92 
(2015) 105-122. 
[184] A.M. Dos Santos, S.G. Carvalho, V.H.S. Araujo, G.C. Carvalho, M.P.D. Gremião, M. 
Chorilli, Recent advances in hydrogels as strategy for drug delivery intended to vaginal 
infections, International Journal of Pharmaceutics, (2020) 119867. 
[185] L.M. Caballero-Aguilar, S.M. Silva, S.E. Moulton, Three-dimensional printed drug 
delivery systems,  Engineering drug delivery systems, Elsevier2020, pp. 147-162. 
[186] M. Tiboni, R. Campana, E. Frangipani, L. Casettari, 3D printed clotrimazole intravaginal 
ring for the treatment of recurrent vaginal candidiasis, International Journal of 
Pharmaceutics, 596 (2021) 120290. 
[187] I. Major, S. Lastakchi, M. Dalton, C. McConville, Implantable drug delivery systems,  
Engineering Drug Delivery Systems, Elsevier2020, pp. 111-146. 
[188] M. Wallis, Z. Al-Dulimi, D.K. Tan, M. Maniruzzaman, A. Nokhodchi, 3D printing for 
enhanced drug delivery: current state-of-the-art and challenges, Drug Development and 
Industrial Pharmacy, 46 (2020) 1385-1401. 
[189] S. Sivasankaran, S. Jonnalagadda, Advances in controlled release hormonal 
technologies for contraception: A review of existing devices, underlying mechanisms, and 
future directions, Journal of Controlled Release, (2020). 
[190] V. Brache, A. Faundes, Contraceptive vaginal rings: a review, Contraception, 82 (2010) 
418-427. 
[191] J. Fu, X. Yu, Y. Jin, 3D printing of vaginal rings with personalized shapes for controlled 
release of progesterone, International journal of pharmaceutics, 539 (2018) 75-82. 



 

62 

 

[192] K. Tappa, U. Jammalamadaka, D.H. Ballard, T. Bruno, M.R. Israel, H. Vemula, J.M. 
Meacham, D.K. Mills, P.K. Woodard, J.A. Weisman, Medication eluting devices for the field of 
OBGYN (MEDOBGYN): 3D printed biodegradable hormone eluting constructs, a proof of 
concept study, PLoS One, 12 (2017) e0182929. 
[193] J. Long, A.V. Nand, S. Ray, S. Mayhew, D. White, C.R. Bunt, A. Seyfoddin, Development 
of customised 3D printed biodegradable projectile for administrating extended-release 
contraceptive to wildlife, International journal of pharmaceutics, 548 (2018) 349-356. 
[194] M. Lorscheider, A. Gaudin, J. Nakhlé, K.-L. Veiman, J. Richard, C. Chassaing, Challenges 
and opportunities in the delivery of cancer therapeutics: update on recent progress, 
Therapeutic Delivery, 12 (2021) 55-76. 
[195] G.M. Xiong, K. Venkatraman, S. Venkatraman, The magic bullet as cancer therapeutic—
has nanotechnology failed to find its mark?, Progress in Biomedical Engineering, 2 (2020) 
042004. 
[196] Y. Yang, X. Qiao, R. Huang, H. Chen, X. Shi, J. Wang, W. Tan, Z. Tan, E-jet 3D printed 
drug delivery implants to inhibit growth and metastasis of orthotopic breast cancer, 
Biomaterials, 230 (2020) 119618. 
[197] C.Y.X. Chua, J. Ho, S. Demaria, M. Ferrari, A. Grattoni, Emerging technologies for local 
cancer treatment, Advanced Therapeutics, 3 (2020) 2000027. 
[198] R. Li, Y. Song, P. Fouladian, M. Arafat, R. Chung, J. Kohlhagen, S. Garg, Three-
Dimensional Printing of Curcumin-Loaded Biodegradable and Flexible Scaffold for 
Intracranial Therapy of Glioblastoma Multiforme, Pharmaceutics, 13 (2021) 471. 
[199] S. Maher, A. Mazinani, M.R. Barati, D. Losic, Engineered titanium implants for localized 
drug delivery: Recent advances and perspectives of titania nanotubes arrays, Expert opinion 
on drug delivery, 15 (2018) 1021-1037. 
[200] Y. Wang, L. Sun, Z. Mei, F. Zhang, M. He, C. Fletcher, F. Wang, J. Yang, D. Bi, Y. Jiang, 3D 
printed biodegradable implants as an individualized drug delivery system for local 
chemotherapy of osteosarcoma, Materials & Design, 186 (2020) 108336. 
[201] F. Nappi, A. Nenna, D. Larobina, G. Martuscelli, S.S.A. Singh, M. Chello, L. Ambrosio, 
The Use of Bioactive Polymers for Intervention and Tissue Engineering: The New Frontier for 
Cardiovascular Therapy, Polymers, 13 (2021) 446. 
[202] K. Katsanos, P. Kitrou, S. Spiliopoulos, A. Diamantopoulos, D. Karnabatidis, 
Comparative effectiveness of plain balloon angioplasty, bare metal stents, drug-coated 
balloons, and drug-eluting stents for the treatment of infrapopliteal artery disease: 
systematic review and Bayesian network meta-analysis of randomized controlled trials, 
Journal of Endovascular Therapy, 23 (2016) 851-863. 
[203] A. Cornelissen, L. Guo, R. Fernandez, M.C. Kelly, C. Janifer, S. Kuntz, A. Sakamoto, H. 
Jinnouchi, Y. Sato, K.H. Paek, Endothelial Recovery in Bare Metal Stents and Drug-Eluting 
Stents on a Single-Cell Level, Arteriosclerosis, Thrombosis, and Vascular Biology, (2021) 
ATVBAHA. 121.316472. 
[204] J. Liu, J. Wang, Y.-f. Xue, T.-t. Chen, D.-n. Huang, Y.-x. Wang, K.-f. Ren, Y.-b. Wang, G.-s. 
Fu, J. Ji, Biodegradable phosphorylcholine copolymer for cardiovascular stent coating, 
Journal of Materials Chemistry B, 8 (2020) 5361-5368. 
[205] H. Shan, Z. Cao, C. Chi, J. Wang, X. Wang, J. Tian, B. Yu, Advances in drug delivery via 
biodegradable ureteral stent for the treatment of upper tract urothelial carcinoma, Frontiers 
in pharmacology, 11 (2020) 224. 
[206] S.A. Park, S.J. Lee, K.S. Lim, I.H. Bae, J.H. Lee, W.D. Kim, M.H. Jeong, J.-K. Park, In vivo 
evaluation and characterization of a bio-absorbable drug-coated stent fabricated using a 3D-
printing system, Materials Letters, 141 (2015) 355-358. 
[207] S.J. Lee, H.H. Jo, K.S. Lim, D. Lim, S. Lee, J.H. Lee, W.D. Kim, M.H. Jeong, J.Y. Lim, I.K. 
Kwon, Heparin coating on 3D printed poly (l-lactic acid) biodegradable cardiovascular stent 



 

63 

 

via mild surface modification approach for coronary artery implantation, Chemical 
Engineering Journal, 378 (2019) 122116. 
[208] Z. Muwaffak, A. Goyanes, V. Clark, A.W. Basit, S.T. Hilton, S. Gaisford, Patient-specific 
3D scanned and 3D printed antimicrobial polycaprolactone wound dressings, International 
journal of pharmaceutics, 527 (2017) 161-170. 
[209] A. Shafiee, A.S. Cavalcanti, N.T. Saidy, D. Schneidereit, O. Friedrich, A. Ravichandran, 
E.M. De-Juan-Pardo, D.W. Hutmacher, Convergence of 3D printed biomimetic wound 
dressings and adult stem cell therapy, Biomaterials, 268 (2021) 120558. 
[210] H. Si, T. Xing, Y. Ding, H. Zhang, R. Yin, W. Zhang, 3D bioprinting of the sustained drug 
release wound dressing with double-crosslinked hyaluronic-acid-based hydrogels, Polymers, 
11 (2019) 1584. 
[211] M. Alizadehgiashi, C.R. Nemr, M. Chekini, D. Pinto Ramos, N. Mittal, S.U. Ahmed, N. 
Khuu, S.O. Kelley, E. Kumacheva, Multifunctional 3D-Printed Wound Dressings, ACS nano, 
(2021). 
[212] Y.D. Taghipour, R. Bahramsoltani, A.M. Marques, R. Naseri, R. Rahimi, P. Haratipour, 
A.I. Panah, M.H. Farzaei, M. Abdollahi, A systematic review of nano formulation of natural 
products for the treatment of inflammatory bowel disease: drug delivery and 
pharmacological targets, DARU Journal of Pharmaceutical Sciences, 26 (2018) 229-239. 
[213] R. Arévalo-Pérez, C. Maderuelo, J.M. Lanao, Recent advances in colon drug delivery 
systems, Journal of Controlled Release, (2020). 
[214] T.J. Purohit, S.M. Hanning, Z. Wu, Advances in rectal drug delivery systems, 
Pharmaceutical development and technology, 23 (2018) 942-952. 
[215] T. Hermann, Recent research on bioavailability of drugs from suppositories, 
International journal of pharmaceutics, 123 (1995) 1-11. 
[216] Z. Rahman, S.F.B. Ali, T. Ozkan, N.A. Charoo, I.K. Reddy, M.A. Khan, Additive 
manufacturing with 3D printing: Progress from bench to bedside, The AAPS journal, 20 
(2018) 1-14. 
[217] X. Li, C. Lu, Y. Yang, C. Yu, Y. Rao, Site-specific targeted drug delivery systems for the 
treatment of inflammatory bowel disease, Biomedicine & Pharmacotherapy, 129 (2020) 
110486. 
[218] S. Sharma, V.R. Sinha, Current pharmaceutical strategies for efficient site specific 
delivery in inflamed distal intestinal mucosa, Journal of Controlled Release, 272 (2018) 97-
106. 
[219] I. Seoane-Viaño, J.J. Ong, A. Luzardo-Álvarez, M. González-Barcia, A.W. Basit, F.J. 
Otero-Espinar, A. Goyanes, 3D printed tacrolimus suppositories for the treatment of 
ulcerative colitis, Asian Journal of Pharmaceutical Sciences, 16 (2021) 110-119. 
[220] S. Persaud, S. Eid, N. Swiderski, I. Serris, H. Cho, Preparations of rectal suppositories 
containing artesunate, Pharmaceutics, 12 (2020) 222. 
[221] T. Tagami, N. Hayashi, N. Sakai, T. Ozeki, 3D printing of unique water-soluble polymer-
based suppository shell for controlled drug release, International journal of pharmaceutics, 
568 (2019) 118494. 
[222] J.V. Natarajan, A. Darwitan, V.A. Barathi, M. Ang, H.M. Htoon, F. Boey, K.C. Tam, T.T. 
Wong, S.S. Venkatraman, Sustained drug release in nanomedicine: a long-acting nanocarrier-
based formulation for glaucoma, ACS nano, 8 (2014) 419-429. 
[223] Y. Wang, D.J. Burgess, Michrospheres technologies in: J.C. Wright, D.J. Burgess (Eds.) 
Long Acting Injections and Implants, Springer, New York, USA, 2012, pp. 167 -194. 
[224] Y. Wang, D.J. Burgess, Microsphere technologies, in: J.C. Wright , D.J. Burgess (Eds.) 
Long Acting Injections and Implants, Springer, USA, 2012, pp. 167 - 194. 
[225] T. Olusanya, R. Ahmad, D. Ibegbu, J. Smith, A. Elkordy, Liposomal Drug Delivery 
Systems and Anticancer Drugs, Molecules, 23 (2018 ) 907. 



 

64 

 

[226] Saraf, A. Jain, A. Tiwari, A. Verma, P. Kumar, S. Jain, Advances in liposomal drug 
delivery to cancer: An overview, Journal of Drug Delivery Science and Technology, 56 (2020) 
101549. 
[227] S. Gaballa, O. El Garhy, H. Moharram, H. Abdelkader, Preparation and evaluation of 
cubosomes/cubosomal gels for ocular delivery of beclomethasone dipropionate for 
management of uveitis  Pharmaceutics research, 37 (2020) 198. 
[228] T.G. Coursey, R.A. Wassel, A.B. Quiambao, R.A. Farjo, Once-daily cyclosporine-A-
MiDROPS for treatment of dry eye disease, TVST, 7 (2018) 1-13. 
[229] A. Khosraviboroujeni, S.Z. Mirdamadian, M. Minaiyan, A. Taheri, Preparation and 
characterization of 3D printed PLA microneedle arrays for prolonged transdermal drug 
delivery of estradiol valerate, Drug Delivery and Translational Research, (2021) 1-14. 
[230] S.R. Benhabbour, M. Kovarova, C. Jones, D.J. Copeland, R. Shrivastava, M.D. Swanson, 
C. Sykes, P.T. Ho, M.L. Cottrell, A. Sridharan, Ultra-long-acting tunable biodegradable and 
removable controlled release implants for drug delivery, Nature communications, 10 (2019) 
1-12. 
[231] P. Maturavongsadit, G. Paravyan, M. Kovarova, J.V. Garcia, S.R. Benhabbour, A new 
engineering process of biodegradable polymeric solid implants for ultra-long-acting drug 
delivery, International journal of pharmaceutics: X, 3 (2021) 100068. 
[232] N.A. Elkasabgy, A.A. Mahmoud, A. Maged, 3D printing: An appealing route for 
customized drug delivery systems, Int J Pharm, 588 (2020) 119732. 
[233] P.J. Missel, J.C. Lang, D.P. Rodeheaver, R. Jani, Design and evaluation of ophthalmic 
pharmaceutical products,  Modern Pharmaceutics, Volume 2, CRC Press2016, pp. 119-208. 
[234] J.C. Wright , M. Sekar , W.V. Osdol , H.C. Su , A.R. Miksztal, In Situ Forming Systems 
(Depots), in: J.C. Wright , D.J. Burgess (Eds.) Long Acting Injections and Implants, Springer, 
USA, 2012, pp. 153 - 166. 
[235] Temsirolimus Adventitial Delivery to Improve Angiographic Outcomes Below the Knee 
(TANGO), https://ClinicalTrials.gov/show/NCT02908035. 
[236] Lower-Limb Adventitial Infusion of DexaMethasone Via Bullfrog to Reduce Occurrence 
of Restenosis After Percutaneous Transluminal Angioplasty Revascularization, 
https://ClinicalTrials.gov/show/NCT02479555. 
[237] Effectiveness of Adventitial Dexamethasone in Peripheral Artery Disease, 
https://ClinicalTrials.gov/show/NCT01983449. 
[238] Measles and Rubella Vaccine Microneedle Patch Phase 1-2 Age De-escalation Trial, 
https://ClinicalTrials.gov/show/NCT04394689. 
[239] A Study to Evaluate Safety, Tolerability and Immune Response in Adults Allergic to 
Peanut After Receiving Intradermal or Intramuscular Administration of ASP0892 (ARA-LAMP-
vax), a Single Multivalent Peanut (Ara h1, h2, h3) Lysosomal Associated Membrane Protein 
DNA Plasmid Vaccine, https://ClinicalTrials.gov/show/NCT02851277. 
[240] Phase 1 Study of Intradermal LV305 in Patients With Locally Advanced, Relapsed or 
Metastatic Cancer Expressing NY-ESO-1, https://ClinicalTrials.gov/show/NCT02122861. 
[241] VZV Vaccine for Hematopoietic Stem Cell Transplantation, 
https://ClinicalTrials.gov/show/NCT02329457. 
[242] ID HBV Vaccination With Imiquimod in OBI, 
https://ClinicalTrials.gov/show/NCT03307902. 
[243] Enhanced Epidermal Antigen Specific Immunotherapy Trial -1, 
https://ClinicalTrials.gov/show/NCT02837094. 
[244] H5N1 With or Without Topical Aldara in Healthy Adults, 
https://ClinicalTrials.gov/show/NCT03472976. 
[245] Adalimumab Microneedles in Healthy Volunteers, 
https://ClinicalTrials.gov/show/NCT03607903. 

https://clinicaltrials.gov/show/NCT02908035
https://clinicaltrials.gov/show/NCT02479555
https://clinicaltrials.gov/show/NCT01983449
https://clinicaltrials.gov/show/NCT04394689
https://clinicaltrials.gov/show/NCT02851277
https://clinicaltrials.gov/show/NCT02122861
https://clinicaltrials.gov/show/NCT02329457
https://clinicaltrials.gov/show/NCT03307902
https://clinicaltrials.gov/show/NCT02837094
https://clinicaltrials.gov/show/NCT03472976
https://clinicaltrials.gov/show/NCT03607903


 

65 

 

[246] Study to Evaluate and Compare the PK Profiles of Abaloparatide-SC and Abaloparatide-
sMTS in a Cohort of Healthy Men and Healthy Women, 
https://ClinicalTrials.gov/show/NCT04663464. 
[247] Pilocarpine Microneedles for Sweat Induction (PMN-SI), 
https://ClinicalTrials.gov/show/NCT04732195. 
[248] Safety and Tolerability Study of Suprachoroidal Injection of CLS-AX Following Anti-VEGF 
Therapy in Neovascular AMD, https://ClinicalTrials.gov/show/NCT04626128. 
[249] Suprachoroidal Injection of CLS-TA in Subjects With Macular Edema Associated With 
Non-infectious Uveitis, https://ClinicalTrials.gov/show/NCT02595398. 
[250] MAGNOLIA: Extension Study of Patients With Non-infectious Uveitis Who Participated 
in CLS1001-301, https://ClinicalTrials.gov/show/NCT02952001. 
[251] Placebo Microneedles in Healthy Volunteers (Part I) and Efficacy/Safety of Doxorubicin 
Microneedles in Basal Cell Cancer Subjects (Part II), 
https://ClinicalTrials.gov/show/NCT04928222. 
[252] Double-Blind Comparison of the Efficacy and Safety of C213 to Placebo for the Acute 
Treatment of Cluster Headaches, https://ClinicalTrials.gov/show/NCT04066023. 
[253] Micro Needle Array-Doxorubicin (MNA-D) in Patients With Cutaneous T-cell 
Lymphoma (CTCL), https://ClinicalTrials.gov/show/NCT02192021. 
[254] W. Hao, Z. Zheng, L. Zhu, L. Pang, J. Ma, S. Zhu, L. Du, Y. Jin, 3D printing‐based drug-
loaded implanted prosthesis to prevent breast cancer recurrence post‐conserving surgery, 
Asian Journal of Pharmaceutical Sciences, 16 (2021) 86-96. 

 

  

https://clinicaltrials.gov/show/NCT04663464
https://clinicaltrials.gov/show/NCT04732195
https://clinicaltrials.gov/show/NCT04626128
https://clinicaltrials.gov/show/NCT02595398
https://clinicaltrials.gov/show/NCT02952001
https://clinicaltrials.gov/show/NCT04928222
https://clinicaltrials.gov/show/NCT04066023
https://clinicaltrials.gov/show/NCT02192021


 

66 

 

  

Figure 1 Graphical representation of various long-acting drug delivery systems 

(LADDS) 
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Figure 2 Schematic representation of cancer hallmarks. Created with BioRender.com 
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Figure 3 Cross section of the human eye showing the inserting / injection positions of 

commercially available long-acting drug delivery systems (LADDS). 
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Figure 4 Schematic diagram outlining the steps of the solvent-casting method for 

preparation of films, inserts and wafers, adopted from [85]. 
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Figure 5 Maximum Release Time (RT) for different drugs achieved by fabricated MNs 

with different polymers. This data was extracted from [122]. 
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Figure 6 Schematic representation of various 3Dprinting technologies. A) Fused 

Deposition Modeling (FDM),  B) inkjet-based printers, C) Stereolithography (SLA), D) 

Selective Laser Sintering (SLS) and E) Pressure Assisted Microsyringe (PAM) [232]. 
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Table 1 Drug, product name, polymers, therapeutic indications and duration of commercially available long-acting 

drug delivery systems (LADDS) 
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LADDS Drug Product name Polymers Indications Duration of 

action 

References 

Im
p
la

n
t 

Dexamethasone 

0.7 mg 

 

Ozurdex® 

implant 

 

poly (D, L-lactic-co-glycolic) 

acid (PLGA)-based on 

Novadur® solid polymer DDS 

Macular edema 

Non-infectious uveitis 

6 months [36 ]  

Fluocinolone acetonide 

0.59 mg 

Retisert® 

implant 

polyvinyl acetate/silicone Non-infectious uveitis 30 months [36 ]  

Fluocinolone acetonide 

0.19 mg 

Iluvien® 

implant 

polyimide tube and polyvinyl 

alcohol 

Diabetic macular edema 36 months [36 ]  

Progestogen Progstasert® 

implant 

polyethylene co-vinyl acetate 

(PolyEVA) 

Contraceptive 1 year [28 ]  

Levonorgestrel Norplant® 

implant 

6 silicone rubber tubes, 

crosslinked 

polydimethylsiloxane 

Contraceptive 6 months [28 ]  

In
se

rt
 

Pilocarpine 

20 and 40 mg 

Ocusert® PolyEVA Glaucoma 7 days [233 ]  

HPMC 

5 mg 

Lacrisert® Hydroxypropyl methyl cellulose 

(HPMC) 

Moderate-to- severe dry eye 1 day [233 ]  

Bimatoprost 

13 mg 

 

BIM ring Silicone matrix over an inner 

polypropylene ring. 

Glaucoma 6 months [84 ]  

Dexamethasone 

0.4 mg 

Dextenza® 

 

polyethylene glycol-based 

hydrogel conjugated with 

fluorescein 

Inflammation and pain after eye 

surgeries 

30 days [36 ]  

T
ra

n
sd

er
m

al
 p

at
ch

 

Estradiol 

1 mg 

Menostar® 

patch 

polyethylene film and acrylate 

adhesive matrix and 

Menopause 7 days [28 ]  

Fentanyl 

1.25, 2.5, 5, 7.5 and 10 

mg 

Durogesic® 

patch 

hydroxyethyl cellulose; and rate 

controlling membrane of 

ethylene-vinyl acetate copolymer 

Severe chronic pain 72 hours [5 ]  

Nitroglycerin 

5 and 10 mg 

Nitroderm® 

patch 

Reservoir-based hydroxyethyl 

cellulose; and rate controlling 

membrane of ethylene-vinyl 

acetate copolymer 

Prevent or 

reduce the frequency of angina 

attacks 

24 hours [5 ]  
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Rivastigmine 

4.6, 9.5 and 13.3 mg 

Exelon® 

patch 

a 4-layer laminate containing the 

backing layer, drug matrix, 

adhesive matrix and overlapping 

release liner 

treatment of mild to moderate 

Alzheimer's and Parkinson's 

diseases 

24 hours [57 ]  

W
af

er
 Carmustine 

7.7 mg 

Gliadel® 

intracranial 

wafer 

Polifeprosan 20 treatment to surgery for recurrent 

glioblastoma multiforme 

8 wafers 

implanted into 

the site after 

surgery 

[28 ]  

IS
F

I 

Bupivacaine 

660 mg/ 5 ml 

Posidur™ Sucrose acetate 

isobutyrate/benzyl alcohol ISF 

system 

Treatment of post-operative pain 

killer 

48-72 hours [234] 

Paclitaxel 

6.3 mg/ml 

OncoGel™ PLGA and PEG (A-B-A 

or B-A-B) 

Esophageal 

Cancer 

(locally injected into tumor) 

6 weeks [234] 

M
ic

ro
sp

h
er

es
 

Leuprolide 

3.75 mg 

Leupron 

intramuscular 

(IM) Depot® 

PLGA Treatment of prostate cancer 1 month [224] 

Triptorelin 

22.5 mg 

Trelstar IM 

Depot® 

PLGA Treatment of prostate cancer 6 months [224] 

Somatropin 

(rhGH) 

13.5 mg 

Neutropin 

subcutaneous 

Depot® 

PLGA Growth hormone deficiency 1 month [223] 

Risperidone 

12.5 – 50 mg 

Risperdal 

Consta IM 

Depot® 

PLGA Bipolar mania and 

Schizophrenia 

2 weeks [223] 
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Table 2 – Overview of recently completed and on-going clinical trials with microneedle devices.  

Microneedle 

device 

Company Therapeutic field Study 

phase 

Reference 

Bullfrog® Micr

o-Infusion 

Device  

Mercator 

MedSystems, Inc. 

Chronic limb ischemia. Adventitial delivery of 

temsirolimus (Torisel) after revascularization of lesions 

below the knee in symptomatic patients with critical limb 

ischemia. 

Phase 2 [235] 

Chronic limb ischemia. Adventitial delivery of 

dexamethasone after balloon angioplasty of lesions below 

the knee in symptomatic patients with critical limb 

ischemia  

Phase 2 [236] 

Peripheral arterial disease. To determine ability for 

adventitial dexamethasone to safely delay restenosis in 

patients  

Phase 4 [237] 

Micron Micron 

Biomedical 

Vaccination. Microneedle patch of measles and rubella 

vaccine. 

Phase 1/2 [238] 

Micronjet600® Nanopass 

technologies 

Allergy immunotherapy – intradermal administration of a 

vaccine 

Phase 1 [239] 

Cancer immunotherapy – intradermal administration of a 

novel immunotherapy agent (ID-LV305) 

Phase 1 [240] 

Delivery of varicella zoster vaccine Phase 2 [241] 

Intradermal vaccination with Sci-B-Vac™ for occult 

Hepatitis B 

Phase 2/3 [242] 

For type 1 diabetes immunotherapy With a Proinsulin 

Derived Peptide. To determine the safety of C19-A3 Gold 

Nanoparticle peptide administered intradermally every 28 

days for 8 weeks.  

Phase 1A [243] 
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Intradermal influenza vaccine delivery. Phase 1 [244] 

Autoimmune disease. Intradermal delivery of 

adalimumab  

Phase 1/2 [245] 

Microstructure

d transdermal 

system® 

(MTS) 

Kindeva drug 

delivery 

Postmenopausal osteoporosis. To determine safety and 

pharmacokinetics of Abaloparatide delivered using solid 

microneedles (sMTS) 

Phase 1 [246] 

Pilocarpine 

microneedle 

patch 

N/A Cystic fibrosis N/A [247] 

SCS 

Microinjector® 

Clearside 

Biomedical  

Neovascular age-related macular degeneration. To 

determine safety and tolerability of axitinib (a tyrosine 

kinase inhibitor) injectable suspension administered via 

suprachoroidal route. 

Phase 1/2 [248] 

Uveitis. Suprachoroidal administration of triamcinolone Phase 3 [249] 

[250] 

SkinJect® SkinJect Inc. Basal cell carcinoma. To determine safety and efficacy of 

dissolvable doxorubicin microneedle array patch 

Phase 1/2 [251] 

Zosano 

patch®- 

Zosano Pharma 

Corporation 

Cluster headaches. Zolmitriptan microneedle patch Phase 2/3 [252] 

Other N/A Cutaneous T cell lymphoma. Dissolvable microneedle 

array patch containing doxorubicin.  

Phase 1 [253] 
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Table 3 –  Examples of 3D printed LADDS, technology and drugs used, polymers, clinical indications and duration of action  
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3D 

printed 

LADDS 

Technology Drug Polymers Indications Duration of 

action 

Reference  

V
ag

in
al

 R
in

g
s 

Fused Deposition 

Modeling (FDM) 

Progesterone  

            + 

 Polyethylene glycol 

(PEG) 4000 

poly(lactic acid) 

(PLA)/polycaprolactone 

(PCL) (8:2) and Tween 

80 

Contraception 

(menopause and hypogonadism) 

 

> 7 Days 

 

[191] 

 Fused Deposition 

Modeling (FDM) 

Estrogen  
            + 

Progesterone 

 

polycaprolactone (PCL) 

Contraception 
 
(obstetric and 

Gynecologic)  

 
 
> 7 Days 

 

[192] 

 Fused Deposition 

Modeling (FDM) 
Progesterone poly(lactic acid) (PLA) Contraceptive in veterinary > 5 Month [201] 

Pressure-Assisted 

Microsyringe (PAM) 

 

Dapivirine 

Thermoplastic 

polyurethane 
HIV prevention 

 

> 7 Days 

 

[167] 

Fused Deposition 

Modeling (FDM) 

MZC combination 

microbicide 

Carrageenan (CG) (95:5, 

lambda: kappa) 
HIV-1, HSV-2, HPV prevention >94 Days [181] 

Fused Deposition 

Modeling (FDM) 
Clotrimazole 

thermoplastic 

polyurethanes 
vaginal infections > 5 Days [186] 

S
u
p
p
o
si

to
ry

 Fused Deposition 

Modeling (FDM) 
Progesterone Polyvinylalcohol (PVA) 

Contraception 

 
NA [221] 

Fused Deposition 

Modeling (FDM) 
Artesunate Polyvinylalcohol (PVA) Malaria > 1 h [220] 

semi-solid extrusion 

(SSE) 
Tacrolimus 

Gelucire 44/14 or 

Gelucire 48/16) 
Bowel Disease > 2 h 

[219] 

 

H
y

d
ro

g
el

 

P
at

ch
  

Semisolid extrusion 

technique 

 

Silver Nanoparticle  

              +  

Carbon Nanotubes  

              +  

UV- crosslinked 

chitosan- methacrylate 
Wound Healing > 7 Days [211] 
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VEGF 

3D bioprinter Nafcillin 

hyaluronic-acid, 

methacrylic anhydride 

(HA-MA) and 3,30 -

dithiobis(propionyl 

hydrazide) (DTP) (HA-

SH) 

Wound Healing > 11 Days [210] 

Hot Melt Extrusion 

(HME) 
Antiacne 

antibacterial metal ions 

(such as zinc, copper and 

silver) +  

polycaprolactone (PCL) 

Wound Healing > 7 Days [208] 

B
io

d
eg

ra
d
ab

le
 

C
ar

d
io

v
as

cu
la

r 

S
te

n
t 

 

Hot Melt Extrusion 

(HME) 

 

 

Sirolimus 

 

polycaprolactone (PCL) 

 

Cardiovascular Diseases 

(CVD) 

 

>32 Days 

 

[206] 

 

3D bioprinting 

 

 

Heparin 

 

poly(lactic acid) (PLA) 

 

Cardiovascular Diseases 

(CVD) 

 

NA 

 

[207] 

C
an

ce
r 

Semisolid extrusion 

technique 

 

PEGylated liposomal 

doxorubicin 

UV cured fish gelatin 

methacryloyl (F-GelMA) 
Cancer NA [160] 

Fused Deposition 

Modeling (FDM) 

poly lactic-co-glycolic 

acid (PLGA) loaded 

paclitaxel (PTX) and 

doxorubicin (DOX) 

microsphere 

polydimethysiloxane 

(PDMS) 
Cancer > 3 Weeks [254] 
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Electrohydrodynamic 

jet (E-jet) 

5-fluorouracil and 

NVP-BEZ235 

poly-lactic-co-glycolic 

acid (PLGA 
Cancer > 4 weeks [196] 

Fused Deposition 

Modeling (FDM) 
Curcumin polycaprolactone (PCL)  Cancer >77 h [198] 

Fused Deposition 

Modeling (FDM) 

 (cisplatin), 

ifosfamide, 

methotrexate, and 

doxorubicin 

poly L-lactic acid 

(PLLA) 
Cancer > 12 Weeks [200] 
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