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Abstract: There is a myriad of diseases that plague the world ranging from infectious, cancer and
other chronic diseases with varying interventions. However, the dynamism of causative agents of
infectious diseases and incessant mutations accompanying other forms of chronic diseases like cancer,
have worsened the treatment outcomes. These factors often lead to treatment failure via different
drug resistance mechanisms. More so, the cost of developing newer drugs is huge. This underscores
the need for a paradigm shift in the drug delivery approach in order to achieve desired treatment
outcomes. There is intensified research in nanomedicine, which has shown promises in improving
the therapeutic outcome of drugs at preclinical stages with increased efficacy and reduced toxicity.
Regardless of the huge benefits of nanotechnology in drug delivery, challenges such as regulatory
approval, scalability, cost implication and potential toxicity must be addressed via streamlining of
regulatory hurdles and increased research funding. In conclusion, the idea of nanotechnology in
drug delivery holds immense promise for optimizing therapeutic outcomes. This work presents
opportunities to revolutionize treatment strategies, providing expert opinions on translating the
huge amount of research in nanomedicine into clinical benefits for patients with resistant infections
and cancer.

Keywords: nanotechnology; cancer; infectious diseases; treatment; targeted-delivery; controlled-release;
low-toxicity; high-efficacy

1. Introduction

Nanotechnology is the branch of science and technology that deals with the manipula-
tion and control of materials, structures, and devices at the nanoscale, typically ranging
from 1 to 100 nanometers [1]. It involves understanding and utilizing unique properties
and phenomena that occur at the nanoscale to create innovative applications across various
fields, such as medicine, electronics, energy, and materials science [2,3]. Nanotechnology
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has been applied in medicine in several ways which include diagnosis, drug delivery
and/or actuation purposes in a living organism [4].

Drug delivery entails the movement of a drug to its target site to exert its pharmaco-
logical effect. Drugs could be delivered to their targets primarily through the major routes
of drug administration which include: peroral, intravenous, intramuscular, subcutaneous,
sublingual and rectal routes. Drugs delivered for treatment of diseases via these routes are
currently facing a lot of challenges that lead to treatment failure due to diverse reasons,
which may include, but are not limited to, efflux of drugs from target sites, drug degrada-
tion during delivery and drug toxicities. To enhance drug delivery at target sites and reduce
toxicity, newer approaches in drug delivery are imperative. Reduced access to target sites
and retention time at these sites have been highlighted as being among the causes of treat-
ment failure. Nanotechnology is a vital tool that has the potential to address these shortfalls
in the conventional method of drug delivery and has seen several useful applications in
research and medicine in treatment and diagnosis. The drugs loaded in NPs interact with
them either chemically via electrostatic and/or hydrophobic interactions, or physically
dissolved into the NP through encapsulation. NPs classified as nano-drug delivery systems
possess the capacity to enhance drug stability and water solubility, prolong drug circula-
tion, boost the rate of uptake by target cells or tissues, and decrease enzyme degradation.
These features ultimately lead to an enhancement in drug safety and efficacy [5]. As a
precise, efficient, and controllable method for intracellular drug delivery, NPs present
unique advantages in the diagnosis and treatment of cardiovascular diseases (CVDs) and
other diseases. They effectively address challenges related to targeting, localized drug
delivery, controlled and sustained release, and toxicity reduction. This work aims to X-ray
the strengths and opportunities that abound with the deployment of nanotechnology in
drug delivery and the challenges encountered in the use of this technology in medicine.
This work will also proffer solutions on how to improve the use of the technology in clinics
for the benefits of patients.

2. Drug Delivery Methods

The ultimate aim of drug administration is for the drug to reach the target site and per-
form its pharmacological role. Drug delivery is the process of providing a pharmaceutical
substance in order to obtain therapeutic effects in people or animals [6]. To ensure that this
happens, drugs are designed and packaged to enhance delivery to the target sites. Drug
delivery has become a focal point in pharmaceutical and medical sciences in order to im-
prove therapeutic outcomes. Drug delivery is a field of medicine and pharmaceuticals that
focuses on the controlled and targeted administration of therapeutic substances to specific
areas in the body. The primary goal of drug delivery systems is to enhance the efficacy and
safety of medications while minimizing side effects and improving patient compliance [7].
Drug delivery can be performed through several approaches as highlighted below.

2.1. Traditional Drug Delivery System (TDDS)

In the past, most drugs were administered in conventional forms such as tablets, cap-
sules, and injections. These formulations release the drug systemically into the bloodstream,
leading to a broader distribution throughout the body. While effective, they may result in
side effects and may not precisely target the intended site of action or diseased cells [7]. The
most common methods of the TDDS include the oral, topical, trans-mucosal (nasal, buccal,
sublingual, vaginal, ocular, rectal), parenteral and inhalation routes [8]. These conventional
approaches have certain limitations that may reduce their efficacy. These limitations in-
clude, but are not limited to, drug instability, risk of displacement, uncontrolled release,
side effects, slow absorption and enzymatic deterioration [4].

2.2. Advanced Drug Delivery System (ADDS)

Due to the shortfalls of the TDDS, innovations on improving drug delivery have been
a constant process. The ADDS is geared towards circumventing the traditional routes and
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delivers the drug directly to the target sites in the right amounts and when due [9]. Poor
bioavailability and changes in plasma drug level characterize traditional drug delivery
modalities (tablets, capsules, syrups, ointments, etc.) [9]. The ADDS improves efficacy
and reduces toxicity via targeted drug delivery and controlled drug release, among other
mechanisms. Nanotechnology provides a formidable tool in the ADDS.

The ADDS reduces dosage and frequency of doses while minimizing negative effects.
Surface functionalization of nanoparticles is another important design aspect and is often
accomplished by bioconjugation or passive adsorption of molecules onto the nanoparticle
surface. By functionalizing nanoparticle surfaces with ligands that enhance drug binding,
suppress immune response, or provide targeting/controlled release capabilities, both a
greater efficacy and lower toxicity are achieved.

Advancements in drug delivery have revolutionized the pharmaceutical industry,
enabling more effective treatments for a wide range of diseases. Targeted and controlled
drug delivery systems hold promises for personalized medicine and improved patient
outcomes. However, the development of such systems requires rigorous testing, safety
assessments, and regulatory approvals before they can be widely used in clinics.

The conventional medications delivered via traditional approaches are not necessarily
produced using the best formulation for each product. For products containing proteins or
nucleic acids to increase their effectiveness and safeguard them from unintended degrada-
tion, a more novel kind of delivery system is needed [10].

2.2.1. Targeted Drug Delivery

ADDSs aim to improve drug targeting by delivering medications directly to the site of
disease or action, raising the concentration of the drug in such target areas relatively higher
than other non-target areas. This can be achieved by using various approaches, such as
encapsulating drugs in nanoparticles, which can then be designed to accumulate in specific
tissues or cells [11]. NPs in targeted drug delivery prolong and localize drugs” actions,
enhancing the bioavailability, biodistribution and accumulation of therapeutics specifically
in diseased areas [12], minimizing contact with healthy ones. This reduces toxicity and
improves efficacy outcome.

Targeted drug delivery can be classified into two categories: active and passive tar-
geted delivery (Figure 1). While active targeted drug delivery is based on ligands interaction
to receptors, the passive approach relies on the enhanced permeability and retention effect
(EPR effect) [13].

| Targeted drug delivery ‘

J |

Active Targeted drug delivery | Passive Targeted drug delivery

Ligand-receptor interaction
at target site

Permeability enhancement &
Retention effect

Figure 1. Mechanism of targeted drug delivery. Adapted from [13].

In active targeted drug delivery, targeting is based on ligands interaction to receptors.
The drug-nanoparticles have specific ligands that have the ability to recognize specific
receptors, which are concentrated or relatively higher in the diseased cells in comparison to
the healthy ones. This ensures that the drug-NP accumulates only in the diseased area. For
instance, cancer cells receptors are often different from normal tissues. The overexpression
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of receptors on the cancer cells helps them to meet their nutritional needs in order to carry
on their hypermetabolism [14].

For passive targeted-delivery, the leaky vasculature and impaired lymphatic drainage
are exploited to make for selective and enhanced delivery in diseased cells. In diseased
cells like tumors, leaky blood vessels are formed, which become more permeable than
normal cells. The leaky nature may not allow drugs to accumulate due to the size of the
drugs. Secondly, the absence of normal lymphatic drainage in tumor contributes to the
NPs retention. Therefore, coupling of the drugs to NPs can increase their permeation and
retention in such diseased cells [15]. This ultimately improves drug bioavailability and
prolongs the duration of action of the drug at target sites causing minimal side effects.

2.2.2. Controlled Drug Release

Controlled release is an important application of nanotechnology in drug delivery that
ensures the precise and gradual release of drugs from nanoparticles or other carriers over an
extended period. This approach ensures a sustained and steady supply of the medication
at the target site, resulting in optimized therapeutic effects and improved patient compli-
ance [16]. Drugs are effective at doses that lie between the minimum effective concentration
(MEC) and the maximum safe concentration (MSC) [17]. This is called the therapeutic
window (Figure 2). Conventionally, trying to achieve this effective concentration may come
at a cost. High doses of a drug that can meet the therapeutic requirements may also be toxic
(higher than MSC), while reducing the doses to avoid the toxicity will reduce the efficacy
of such drugs. To avoid the risk of toxicity at high doses and poor efficacy at low doses,
some drugs have been administered at intermittent periods of the day, say, 2—4 times daily.
This complicates the treatment regimen and adversely affects patients” compliance. This
underscores the need for intermittent release of drugs based on the therapeutic systemic
requirements. The controlled drug release provides a zero-order drug release profile where
the concentration released remains the same over time (Figure 2).
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Figure 2. Mechanism of controlled drug release. Adapted from [17].

The drugs are encapsulated in NPs, which are then released intermittently in response
to certain stimuli, which could be internal or external such as temperature, pH, ionic
strength, sound, and electric or magnetic fields [16]. The basic mechanisms that control the
release of the drug molecules from the nanoparticles’ layers are osmosis, diffusion, chemical
degradation, swelling and dissolution; however, diffusion is the dominant mechanism,
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where the drug is released into the environment from the polymer matrix without eroding
the hydrogel NPs. The release of the drug is affected by several factors including the
physicochemical properties of the active agent, structural characteristics of matrices, and
the release medium [18].

2.2.3. Improvement in Drug Stability

Drug stability entails the ability of the drug in a particular formulation (tablet, capsules,
injectables etc.) to retain its physical, chemical, therapeutic, microbial and toxicological
properties during the time of storage and usage by the patient [19]. The stability of a drug
is important for the drug to reach the target sites for their pharmacological activities. More
so, the durability /stability during storage is dependent on the constituents of the drug.
It is therefore imperative that the stability of drugs during design is considered. For this
reason, drug stability can broadly be classified into five categories: chemical, physical,
microbiological, therapeutic, and toxicological stability. Degraded drugs may not only be
less effective for an intended disease condition, but may also pose severe adverse events
such toxicities and predisposing the patients to cancer. It becomes necessary to protect the
stability of the drugs.

The stability of a drug is affected by factors such as temperature, light, pH, duration
of storage and very importantly, the packaging materials. To increase the stability of drugs,
NPs have become handy. The size and surface properties of NPs have been explored to
increase their stability [20]. While the drug stability is improved with NP packaging, it is
equally important for the drugs to be releasable when they reach their target sites, otherwise
the ultimate aim of improved therapeutic outcome will be defeated.

2.2.4. Improvement of Pharmacokinetic Properties of Drugs

The pharmacokinetics of drugs entail the absorption, distribution, biotransformation
and excretion. Each of these processes affect the effect of a drug and the therapeutic
outcome. Through the coupling of drugs to NPs, favorable pharmacokinetic properties
are improved such as better absorption, enhanced distribution to target sites, improved
metabolism and excretion. The unique small size and large surface area allow drug-NPs to
have increased solubility; hence, enhanced bioavailability. More so, their ability to cross the
blood brain barrier (BBB), enter the pulmonary system and be absorbed through the tight
junctions of endothelial cells of the skin improves their pharmacokinetic properties and
therapeutic outcomes [20].

For some drugs that show low bioavailability, slowing down their metabolism and ex-
cretion can increase their therapeutic window and outcomes. Drugs entrapped in NPs show
reduced liver metabolism and renal clearance, resulting to prolonged blood circulation
with an increased chance of accumulation in the target tissue [21].

3. Nanoparticles Used in Drug Delivery

Nano-carriers such as liposomes, micelles, dendritic macromolecules, quantum dots,
carbon nanotubes and metal-based NPs have been widely used in treatments especially
for cancer.

3.1. Liposomes

Liposomes are spherical vesicles composed of synthetic or natural phospholipids that
self-assemble in aqueous solutions in sizes ranging from tens of nanometers to microme-
ters [2]. The resulting vesicle, which has an aqueous core surrounded by a hydrophobic
membrane, can be loaded with a wide variety of hydrophobic or hydrophilic molecules for
therapeutic purposes (Figure 3). As drug delivery systems, liposomes display exceptional
qualities such good biocompatibility and safety, prolonging the half-life of the medication,
regulating the release of drug molecules, and shielding the encapsulated compounds from
physiological degradation [22,23].
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Figure 3. Common nanoparticles used in drug delivery. Figure templates adapted from BioRender.

The release of a drug from liposomes depends on the liposome composition, pH,
osmotic gradient, and the surrounding environment [24]. Moreover, a prolonged residence
period lengthens the duration of such particles’ actions, while reducing their number that
could cause toxicity. Adsorption, fusion, endocytosis, and lipid transfer are among ways
that liposomes and cells might interact. Liposomal formulations have a wide range of ther-
apeutic examples, including anticancer medications [8], neurotransmitters (serotonin) [25],
antibiotics [26], anti-inflammatory medications [27], and antirheumatic medications [28].
Some of the liposome-delivered drugs that have been approved for use are as shown in
Table 1, while others are still at different phases of clinical trial (Table 2).

Liposomes can encapsulate both lipophilic and hydrophilic drugs. The major draw-
backs of liposomes are leakage and fusion of encapsulated drug, poor solubility, low
stability and short half-life [29]. The modification of liposomes by using biopolymers or use
of post-processing techniques like drying to generate dry liposomes improve the stability
of liposomes [30].

The majority of the nanodrugs in development are at Phase I (33%) followed by those
in Phase II (21%), where the majority of the drug candidates target cancer (53%), followed
by infectious diseases (14%) [53].
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Table 1. Nanoparticles-delivered drugs in the market.

Drug Trade Name Administration Route Approved Indication Reference(s)
Liposomes
Amphotericin B AmBisome (Astellas) Intravenous Fungal infections [31]
Amphotericin B Fungizone Intravenous Fungal infections [31]
Daunorubicin DaunoXome (Galen) Intravenous Leukemia [32]
.. Doxil (Baxter Hlthcare Combination thera.py ‘.Nlth
Doxorubicin Intravenous cyclophosphamide in [33]
Corp) .
metastatic breast cancer
Age-related molecular
Verteporfin Visudyne (Valeant Intravenous degeneratlo'n, pathological [34]
Luxembourg) myopia, ocular
histoplasmosis
. DepoCyt© (Pacira . Neoplastic meningitis and
Cytarabine Pharms Inc.) Spinal lymphomatous meningitis [33]
Morphine sulphate DepoDur Epidural Pain management [36]
Moderna vaccine Moderna Intravenous COVID-19 [37]
Pfizer-BioNTech Pfizer-BioNTech Intravenous COVID-19 [37]
Mifamurtide Mepact (Takeda) intravenous Osteosarcoma, a form of [38]
bone cancer
Recombinant . :
varicella-zoster virus Shingrix Intramuscular Against sh.mgles anq [39]
- post-herpetic neuralgia
glycoprotein E
Micelles
Docetaxel Taxotere (Sanoﬁ Intravenous Antineoplastic [40]
Aventis)
Estradiol Estrasorb™ (Novavax) Dermal Menopausal therapy [41]
Dendritic macromolecules
. Treatment and
VivaGel VivaGel RO BV Dermal symptomatic relief of [42]
(Starpharma) . ..
bacterial vaginosis
Quantum dots
Aprepitant Emend (Merck) Oral Vomiting agent [43,44]
MegaceES (Endo .
Megestrol acetate Pharms Inc.) Oral Anorexia [45]
Dexamet}gé}l)hemdate Focalin XR/(Novartis) Oral Mental stimulant [46]
Tizanidine HCl Zanaflex (Covis) Oral Muscle relaxant [47]
Nabilone Cesamet (Bausch) Oral Antiemetic [48]
Naproxen sodium Naprelan (Almatica) Oral Anti-inflammation [49]
Griseofulvin Gris-PEG (Novartis) Oral Fungal infection [48]
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Table 2. Selected Nanoparticles-delivered drugs in development.

Active Ingredient Drug Candidate ID Phase of Development Indication Reference(s)
Liposome
Cisplatin SPL-77 1 Different forms of [50]
Cancer

. . . . Different forms of
Cisplatin Lipoplatin 111 Cancer [50]
Amphotericin Ambisome I Fungal Infection [50]

Micelles

. . . Different forms of
Cisplatin Nanoplatin III Cancer [50]
Paclitaxel NK-105 III Breast cancer [51]
Doxorubicin SP1049-C 1 Cancer [52]

3.2. Micelles

Micelles are self-assembled microstructures formed by surfactants in an aqueous
system, forming a hydrophilic exterior and hydrophobic core (Figure 3), and are usually
<50 nm in diameter [54]. While the hydrophobic core can house and deliver hydrophobic
drugs, the hydrophilic surfaces offer protection to the structure, preventing it from easy dis-
solution in the physiological system [55]. For many years, micelles have been investigated
as drug delivery systems. Through the improved permeability and retention effect (EPR),
their usage may result in significant drug accumulation at the target site. The solubility
of hydrophobic drugs is also enhanced when loaded in micelles. More so, the drug can
be loaded for distribution at the desired locations, which decreases drug loss and adverse
effects while increasing drug bioavailability at the needed diseased areas [55]. They can be
used to deliver hydrophobic drugs such as paclitaxel, tamoxifen, porphyrin, camptothecin
and vitamin K3 [54]. Some micelle-delivered drugs that are already approved for clinical
use are shown in Table 1.

Micelles are good at delivering water-insoluble drugs [56]. However, poor solubility
of small-sized micelles, poor loading capacity, and poor physical stability are big issues [57].
These can be addressed by covalent or non-covalent crosslinking to stabilize the structure.
The stability can also be improved via other non-crosslinking approaches like tweaking
the hydrophilic/hydrophobic block ratios of the micelles and elevating the crystallinity of
hydrophobic segments [57].

3.3. Dendritic Macromolecules

Dendritic macromolecules were first developed in 1978 by Buhleier et al. under the
name cascade polymers [58]. They are hyperbranched polymers with a three-dimensional
structure (Figure 3). The three-dimensional architecture of dendrimers can incorporate
a variety of biologically active agents to form biologically active conjugates [59]. Den-
dritic molecules can interact with the drugs through several means, including covalent
bonding, chemical conjugation system and/or physical interactions like encapsulation.
Dendritic macromolecules have been used in delivering several anticancer agents such as
5-fluorouracil, cisplatin, doxorubicin, Methotrexate and Paclitaxel [60].

Dendrimers are also used in gene delivery [61,62]. For instance, Polyamidoamine
(PAMAM) dendrimers modified with gold nanorods can be deployed to deliver short
hairpin RNA, where they enhance gene transfection efficacy and this can be applied in
killing cancer cells. Only few dendrimer-based products have been approved for clinical
use; however, many are at different phases of clinical trial as shown in Table 1. The
polyvalency of dendritic molecules allows them to encapsulate multiple drugs while
allowing the controlled addition of targeting onto the nanocarriers. More so, they offer high
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physical stability to the drugs [63]. Their major drawbacks are their low hydrosolubility and
high non-specific toxicity, which can be addressed by modifying the cationic dendrimers to
become neutral or completely modify them to anions [64,65].

3.4. Quantum Dots

Quantum dots (QDs) are semiconductors, (also known as nanocrystals) that are a few
nanometres in size and have optical and electronic properties, which can be exploited for
drug delivery and diagnosis. These particles are composed of an inorganic core semicon-
ductor, such as Cadmium selenide (CdSe), and an organic-coated aqueous shell, such as
Zinc sulphide (ZnS) [48]. QDs are seen as efficient fluorescent labels used in a drug delivery
system for monitoring the drug biotransformation in the body. The composition of the
core determines the fluorescence, while the aqueous outer surface determines the type of
drug to be conjugated. Drugs such as 5-fluorouracil, doxorubicin, and paclitaxel loaded
with QDs showed remarkable improvements in therapeutic outcomes [66]. Some drugs
delivered in QDs for clinical use are as shown in Table 1. The optical property of QDs
makes them unique for medical imaging too; however, the presence of heavy metals makes
them toxic [67].

3.5. Carbon Nanotubes

Carbon nanotubes (CNTs) are formed by a layer of carbon atoms that are bonded
together in a hexagonal mesh, wrapped into a cylinder of approximately 2.5-100 nm in
diameter [68] (Figure 3). They can be functionalized by adding proteins or DNA, which
serve as therapeutic agents. CNTs can access cells easily, delivering drugs directly to the
cytoplasm or nucleus. CNTs can also complement the efforts of drugs by providing free
radicals scavenging functions, acting as antioxidants [69].

Even though CNTs are yet to be tested in humans, they have shown promising
signs in the delivery of several drug and genetic materials. CNTs have been used as
carriers for some anticancer agents like docetaxel, doxorubicin, methotrexate, paclitaxel,
and gemcitabine [68]. This is especially important as CNTs have appropriate porosity and
poses low toxicity [70].

3.6. Metal-Based Nanoparticles

Metal-based NPs contain metals as a component of the NP. Metal-based NPs are
classified into four categories: metallic, bimetallic, metal oxide and magnetic NPs [71]. The
metallic NPs are pure forms of metal-based NPs, which are also called metal NPs (e.g.,
silver, gold, copper and zinc [72]. The metal NPs can be synthesized from their metal
precursors, and modified with various chemical functional groups, which allow them
to be conjugated with antibodies, ligands, and drugs of choice. The bimetallic NPs are
composed of two metals, exploiting the good qualities of each element. Common examples
are iron—cobalt (Fe-Co), Gold-silver (Au-Ag) and iron-platinum (Fe-Pt). They have a better
ability to penetrate and release bioactive substances in cells in comparison to monometallic
NPs; hence, they are exploitable in the treatment of bacterial infections [73]. For the metallic
oxide, the main examples are titanium dioxide (TiO,) cerium dioxide (CeO,), silica (5iOy),
iron oxide (Fe;O3) and zinc oxide (ZnO). These metallic oxide NPs have found useful
application in nutrient supplementation and cancer treatment as exemplified by Fe,O3
in supplementation in anaemia and advanced cancer treatments [74]. The magnetic NPs
(MNPs) are those that have magnetic core covered by either organic (e.g., liposomes) or
inorganic (e.g., silica) moieties along with therapeutic agents. They have been exploited in
theranostics of cancer via magnetic resonance imaging (MRI) and treatment. The metals
commonly used for MNP designs are iron, cobalt, nickel, and manganese [75].

Metal-based NPs have the advantages of high specific surface area and small particle
size, increasing their wide application in the biological field. Because of their non-specific
bacterial toxicity mechanism, they have been positioned to treat resistant infections [76].
One of the drawbacks of metal-based NPs is their cytotoxicity, which is attributed to the
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reactivity of the metals leading to bulking. Hence, the use of more stable metals (less
reactive) like gold is advocated to overcome this challenge [71].

4. Applications of Nanotechnology in Drug Delivery

By tweaking the size, surface characteristics and material used, the NPs can be devel-
oped into smart systems, which can encapsulate therapeutic and imaging agents [20]. These
modifications in the NPs can enhance delivery of the drugs at specific sites, minimizing
side effects from such drugs. Nanotechnology has therefore found useful applications in
the treatment of diseases especially where the conventional deliveries have failed [77].

4.1. Treatment of Resistant Infectious Diseases

Treatment of infectious diseases is increasingly difficult due to evolutionary dynamism
of the causative agents and rising drug abuses.

4.1.1. Addressing Antimalarial Drug Resistance

Malaria is among the leading causes of death in the tropical and subtropical regions
of the world. Many antimalarials are in use for the treatment of malaria. However,
their relevance in the treatment wanes a few years after the drug introduction into the
market. This is mainly due to treatment failures arising from antimalarial drug resistance.
Resistance development has molecular mechanisms, affecting several metabolic pathways.
The main genes affected include, but are not limited to, Pfcrt, mdr and k13 genes in malaria
parasites [78]. This has led to the incessant search for newer antimalarials, which is usually
cost intensive and tasking. Nanotechnology has been projected as a promising tool in
addressing antimalarial drug resistance. Each class of antimalarial has its strength and
weakness. The use of nanotechnology is geared towards making up for the weaknesses
of these antimalarials. For instance, artemisinin and its derivatives are the gold standard
recommended by the World Health Organization because of rapid action and proven
efficacy [79]; however, due its short half-life, the benefits therein are reducing. Delivery of
artemisinins on nanoparticles can release the drugs intermittently, overcoming the short
half-life, resulting in improved efficacy. Repackaging the drugs on nanocarriers improves
their pharmacokinetic profiles, which increases their therapeutic outcome [20,21]. Many
studies on the use of nanotechnology in delivering antimalarials have shown promising
results; however, only a few of these studies have reached the clinical stages [80]. In the
adoption of this technology, the active components remain in the conventional drugs such
as artemisinin and chloroquine, combined with a delivery system [29,81].

4.1.2. Treatment of Bacterial Multi-Drug Resistance (MDR)

The use of antibiotics has become increasingly indiscriminate and characterized by
gross abuse and misuse. This leads to the development of multi-drug resistance (acquired
non-susceptibility to at least one agent in three or more antimicrobial categories), which
worsens control of bacterial infection. Multi-drug resistance (MDR) develops as a result
of efflux of drugs from target sites, antibiotic enzymatic deactivation, reduced cell wall
permeability etc. (Figure 4). This calls for new drug development or a change in strate-
gies to combat the threat posed by MDR globally. Nanoparticles have shown effective
antimicrobial activity against MDR bacteria, such as Acinetobacter baumanii, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Mycobacterium tuberculosis, vancomycin resistant enterococci,
methicillin-resistant Staphylococcus aureus etc. NPs alone have promising results in killing
bacteria [82,83]. The paradigm shift in medicine is the combination of NPs and antibiotics
for effective treatment of MDR cases [84]. The NPs tend to undo the mechanisms of MDR
via cell wall and membrane collapse, reactive oxygen species (ROS) generation, binding to
and damaging intracellular components and/or destruction of biofilm architecture [85].
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Figure 4. Overcoming bacterial resistance via NP drug delivery. Adapted from [84,85]. Antibiotic
drug resistance is characterized by increased drug efflux, reduced cell wall permeability and altered
targets, which are addressed by coupling with NP, which reduces the drug efflux, improves cell wall
permeability causing increases in drug concentration and therapeutic outcome.

The use of antibacterial agents in combination with NPs improves their efficacy against
Gram-positive and Gram-negative bacteria, in addition to drug-resistant bacteria. For
instance, the combination of silver NPs with bacitracin, ciprofloxacin, tetracycline, and
cefixime against P. aeruginosa, E. coli, S. aureus, and Candida albicans showed synergy [86]. In
a similar manner, the combination of Zinc Oxide NPs with Vancomycin, and ampicillin had
a synergistic effect against MDR Enterococcus feacium [87]. In another study, CupO-NP with
aminoglycoside antibiotics (e.g., neomycin) showed enhanced efficacy against Escherichia
coli [88].

4.2. Cancer Therapy

According to the World Health Organization (WHO), cancer is among the leading
causes of death, which was responsible for one in every six deaths globally in 2020 [89].
Cancer develops at a particular part of the body and spreads to other parts in a process
termed metastasis. Early detection and treatment are very important in the fight against
cancer. Nanotechnology has found a place in cancer diagnosis and treatment and has led
to several promising results in cancer therapy [90]. For this reason, attention has been
focused on consolidating the gains of nanotechnology in cancer therapy. Anticancer drug
resistance develops due to several factors, among which is efflux of a drug from the target
site, preventing pharmacologically relevant doses from accumulating [91]. The role of
nanotechnology is to efficiently deliver and accumulate these anticancer agents to their
target sites [92] (Figure 5). This improves treatment outcome.

Several studies have highlighted the improved therapeutic outcome in cancer manage-
ment when the anticancer agents are delivered in NPs. NP-based drug delivery systems
are linked to improved pharmacokinetics, biocompatibility, tumor targeting, and stability
of drugs that tend to reverse drug resistance associated with cancer chemotherapy [93].
This also leads to reduced toxicities associated with cancer chemotherapy.

A recent study revealed the effectiveness of overcoming drug resistance in lung cancer
therapy by combining miR495 and doxorubicin into a cancer cell membrane-coated silica
nanoparticle, the results of which indicated that miR495 effectively down-regulated P-gp
expression in multi-drug resistant cancer cells [94]. In a review by Babu et al., co-delivery
of SiRNA and other anticancer agents (which is usually challenging ordinarily) showed
significantly improved outcome using NPs in managing resistant cancer [95]. In the review
by Babu et al., many anticancer agents and SiRNA combinations co-delivered by NPs
were considered and they all showed promising results through P-glycoprotein (P-gp)
suppression, increased apoptosis and reduced drug efflux. In another study, Bai et al.
demonstrated that NP-mediated drug delivery to the tumor neovasculature overcome
P-gp-expressing multi-drug resistant, showing better efficacy when compared to P-gp and
other chemotherapy combination [96].
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Figure 5. Overcoming cancer drug resistance via NP-drug delivery. Adapted from [95,96]. NP in
delivering cancer drugs helps to overcome the drug efflux in cancer cells by taking drugs into cells by
endocytosis and P-gp suppression.

4.3. Treatment of Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the leading cause of death globally. They are
diseases that affect the heart and the blood vessels such as hyperlipidemia, hypertension,
myocardial infarction, stroke and thrombosis. These conditions are chronic and have to be
managed for a long time. It becomes imperative to factor in efficacy, safety and compliance
in the management of CVDs. Due to polypharmacy that is common in some chronic
conditions, drug administration as a single dose with sustained release is often sought.
The use of nanotechnology can deliver these drugs in a more effective manner either via
targeted delivery or controlled release in order to increase efficacy and compliance and also
to reduce side effects. Several efforts have been made in improving the pharmacokinetic
behavior of drugs used in managing CVDs. For instance, the use of carvedilol loaded
in solid lipidic nanoparticles (SLN) improved the bioavailability of the carvedilol, an
antihypertensive whose solubility is poor [97]. Similarly, Kumar et al. demonstrated that
delivering nitrendipine in SLN improves its bioavailability by four to five times [98]. These
modifications in pharmacokinetics improves the therapeutic outcomes of the drugs.

4.4. Administration of Nutraceuticals

Nutraceuticals are food or food components that have medicinal and health values,
including the prevention and treatment of disease. They may show antioxidant, anti-
inflammatory, antimicrobial, and antineoplastic actions [99]. The efficiency of bioactive
compounds in drugs, foods, and food supplements is assessed by means of concepts like
bioavailability, bioaccessibility, bioactivity, bioconversion, and bioequivalence [100]. The
composition of nutraceuticals and their size affect their liberation in the GIT and absorption
across the lipid membranes, thereby reducing their bioavailability. The unique qualities
of NPs such as small size, superficial electrical charge and high surface/volume ratio,
make them the best approach in addressing the bioavailability loss in nutraceuticals [101].
The NPs improve the bioavailability of nutraceuticals by protecting them from degrada-
tion, improving their solubility in aqueous environments and increasing their intestinal
permeation and transcellular delivery [102]. Various NPs have been developed (e.g., lipid-
based, surfactant-based, and biopolymeric NPs) to uniquely deliver both lipophilic and
hydrophilic nutraceuticals in order to improve their bioavailability [103].

4.5. Gene Therapy

Treatment of some diseases via chemotherapy has been hampered due to several
factors including drug resistance linked to genetic modifications. Delivery of appropriate
genetic materials to correct the issues have been adopted. However, the uptake of such
genetic materials into the cells may be challenging. Gene delivery using NP is a promising
technology that can revolutionize gene therapy. Gene delivery is a specialized form of
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drug delivery that involves introducing genetic material into cells to treat genetic disor-
ders or modify cellular behavior [104]. NPs have been explored in the delivery of genetic
materials for breast cancer treatment as it improves the circulation time, bioavailability,
reduces the immune system-based recognition chances, and delivers the gene regulator
accurately [105]. Gene delivery systems could be composed of lipids, polymers, polypep-
tides, graphene-family nanomaterials, inorganic materials (e.g., gold NPs) or a combination
of these materials [106]. Short interfering RNAs (SiRNAs) and plasmid DNA can be de-
livered by polyester-based and lipid NPs, respectively, [107,108] while messenger RNAs
are also delivered by lipid NPs, which is exemplified in the popular mRNA COVID-19
vaccines [109].

5. Challenges of Nanotechnology

For the design and effective use of nanotechnology in drug delivery, key considerations
must be made. Some of these considerations include: Good knowledge of their components
and their interactions, identification of key characteristics and their relation to performance,
ability to replicate key characteristics under manufacturing conditions, ease of manufacture
in a sterile form, ability to reach and accumulate in the desired site of action by overcoming
the restrictive biological barriers and ease of storage and administration [110]. Some of the
challenges that currently face the use of nanotechnology are as follows:

5.1. Toxicity and Biocompatibility

Some NPs may possess inherent toxic properties, which can be dependent on their
composition, size, and surface characteristics. The intention in the design of drug-NPs
is to produce little or no unfavorable response when interacting with the host, that is,
being biocompatible. Protein-based NPs show mild toxicities ranging from hepatoxicity,
nephrotoxicity and cardiotoxicity, hypersensitivity reactions, aggregation and instability,
while lipid-based NPs may cause cardiopulmonary distress, anaphylactoid reactions and
some allergic reactions just like protein-based NPs. However, for metal-based NPs, they
affect mainly the growth and developmental systems, causing depression, genotoxicity,
reproductive toxicity, DNA damage and cellular inflammations [111]. Understanding and
mitigating potential toxic effects are vital for safe clinical applications. Nanoparticles can
have unique properties due to their small size, which may lead to unexpected biological
interactions [112]. Some NPs have been found to induce cellular damage or inflammation,
posing potential health risks. Researchers must thoroughly assess the toxicity of NPs to
ensure they do not harm healthy cells or tissues in the body before considering them for
therapy. The toxicity and biocompatibility of NPs depend largely on the composition and
to some extent, their stability. It is therefore important to develop NP-drugs that are stable
and will not degrade during administration or storage.

5.2. Cost of Production

The cost of production in the context of nanotechnology-based drug delivery systems
refers to the expenses incurred during the development, manufacturing, and distribution
of these systems. Several factors contribute to the overall cost of production, which may
include research and development, cost of materials, manufacturing process and/or quality
control. The huge cost involvement is sometimes discouraging and does not allow the
patients to enjoy the full benefits therein. While nanotechnology-based drug delivery
systems offer significant therapeutic potentials, their production costs can be relatively
high, impacting their accessibility and affordability for patients. Ongoing research and
advancements in manufacturing techniques may help to reduce production costs over
time, making these innovative systems more accessible to a broader population. The cost
involvement may limit the promises provided by nanotechnology in medicine [113].
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5.3. Regulatory Challenges

Nanomedicine is an upcoming area that has a lot of promises in medicine. It is her-
alded by a lot of regulatory challenges. Regulatory challenges are significant barriers that
can affect the development, approval, and commercialization of nanotechnology-based
drug delivery systems. The major regulatory challenges are lack of global standardiza-
tion of nomenclature, test methods or characterization [114]. NPs often exhibit complex
physicochemical properties, making their characterization and standardization challenging.
Regulatory agencies may require standardized testing methods and well-defined crite-
ria for quality control and reproducibility. Because nanomedicine is an upcoming area
in medicine, safety concerns are always there, especially the unknown long-term effects.
Regulatory agencies require thorough toxicological and safety assessments, which can be
time-consuming and costly.

To circumvent these challenges, efforts are ongoing from the regulatory agencies
to develop guidelines and frameworks specific to nanotechnology. Collaborations by
researchers and companies at different stages of the drug development is necessary to
fine tune the areas of concern in the course of development. Some of regulatory agencies
involved in nanomedicine regulation are the US Food and Drug Administration, European
Medicines Agency (EMA) and other agencies from Asia and America. While the agencies
promote research and innovations, ensuring the safety of the innovations when already
in the market through pharmacovigilance is central to their mandate. This is intended to
protect the end users from any form of harm that could arise from the long-term use of
nanomedicine. In 2007, several agencies like the EMA, the FDA and others from Japan,
Canada and Australia came together to develop ways on how to define the characteristics
of medicines based on nanotechnology [115]. This was aimed at increasing uniformity in
characterization of nanomedicine and a concerted effort in regulation.

5.4. Composition of the Drug and Nanoparticles

The drugs carried in NPs usually constitute less than 5% of the entire composition. To
ensure that the percentage of the NP is kept low and NP toxicity is avoided, the surface-
area-to-volume ratio of NPs can be altered to allow for more ligand binding to the surface.
This reduces the number of NPs required for the delivery of a given quantity of the drug,
increasing the efficiency of delivery [116]. During the preparation, sometimes, the drug
content may be lower than required, which will reduce its efficacy and overall efficiency.
There may also be a scenario where the NPs are higher than required and pose toxicity
to the users. A careful balance must be sought in composing the drug-NPs. Generally,
drugs delivered in NPs can be composed in different forms of NPs such as polymeric
NPs, inorganic NPs, viral NPs, lipid-based NPs, and nanoparticle albumin-bound (nab)
technology. The choice of a NP for drug delivery depends on several factors including the
target environment and desired therapeutic outcome [117]. Moreover, the biodegradability
of the NPs should be considered as the biodegradable ones ensure sustained drug release
within the target site over a period of time [118], and at the same time, prevent the risk of
toxicity from the NP after drug delivery. The NPs should have high pore volume, narrow
pore diameter distribution, and high surface area to enhance the encapsulation of the drugs
and ensure intermittent release at the target site [119].

More so, due to poor composition, the drugs may be released prematurely in a process
termed “burst release”. A portion of the drugs are simply adsorbed on the surface of
the NP. Consequently, a significant fraction of the drug will be released before reaching
the pharmacological target in the body, leading to low therapeutic outcome and higher
toxicity [15]. The mechanisms through which NPs improve the delivery of drugs (targeted
delivery, controlled release, improved pharmacokinetic ability and increased stability
lie largely on the composition of the entire materials. The size and surface properties
of nanomaterials have to be fully explored and exploited to optimize composition and
delivery of the drugs [20].
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5.5. Poor Biodistribution

Biodistribution deals with the manner in which NPs access different tissues in the
body such as the liver, the lungs and the spleen. The distribution of NPs into these
tissues is determined by some physico-chemical properties of the NPs such as size, surface
charge and coating [120,121]. For instance, magnetic NPs (MNPs) > 100 nm in size largely
accumulate in the liver, spleen and the lungs, while smaller sized MNPs (10 nm) are
filtered by the kidney and almost eliminated via renal clearance. The tendency of MNPs to
accumulate in certain organs will affect their concentration in target sites such cancerous
cells and adversely affect the overall therapeutic outcome [122]. It is therefore important to
carefully design the NPs to be evenly distributed to the diseased cell or tissues for optimal
therapeutic outcome.

6. Nanomedicine Research Boom and Clinical Bust: The Uphill Task

The term “nanomedicine” was first used in 1991 in the book of Unbounding the
Future by Drexler, Peterson, and Pergamit [123]. After over three decades of research in
nanomedicine, one would expect a concomitant boom in the use of the nanotechnologically
delivered drugs in the clinics to address the unmet needs with other traditional forms of
delivery. More so, it would be expected that so many difficult-to-treat diseases such as
cancer and resistant infections would have been expressly overcome. Regrettably, this is
not the case as research boom in nanomedicine does not correspond to a boom in the use
of technology. Only a few of the drugs have managed to reach clinical stage of use, while
many others are still at different phases of development.

Many factors as discussed earlier hinder the express use of nanotechnology for drug
delivery. To circumvent some of the challenges such as poor composition, toxicity and
biocompatibility, cost and regulatory challenges, paradigm shifts are necessary to make
their use come to fruition.

Recently, remarkable improvements have been made in the mechanisms of NP-drug
delivery. The improvements in delivery are made by exploiting the peculiarities of each
disease condition. For instance, most diseases result in hypoxia and acidosis. Coating NP-
drugs with materials that have high affinity for such physiological environments increases
targeting. Coating NPs with pH Low Insertion Peptides (pHLIPs) increases efficiency of
targeting acidic diseased tissues like cancer cells [124,125]. Furthermore, resistant infections
are characterized by modifications in the structure and metabolism, which enable them
to survive in the presence of anti-infective agents. NP-drugs are designed to thwart such
modifications, to ensure continued efficacy of the drug. For instance, pathogenic bacteria
develop quorum sensing (QS), which enables cell-to-cell communication and the formation
of virulence factors that increase the severity of the infection [126]. Advancements in
NP-drug delivery have targeted the QS to prevent cell-to-cell communication in a process
termed quorum quenching (QQ) [127]. Silver nanoparticles have been shown to distort
the production of QS and the accompanying virulence in Pseudomonas aeruginosa, Serratia
marcescens, and Chromobacterium violaceum [128,129].

Other recent advances include the specific targeting via intravascular and extravascular
targeting aimed at reaching diseased locations by NP delivery [130]. The intravascular
targeting utilizes ligand binding in the blood vessels, binding peptides, antibodies, and
other ligands, coating the surface with cell membranes, and binding the NPs to external
physical stimuli [130]. While the surface coating (Biomimetic nano-delivery system) ensures
that the NP-drug is not degraded by the immune system, the physical triggering strategy
uses ultrasound, magnetic fields, and light for precise targeting [130,131]. Nanotechnology
have also been advanced to deliver to the brain by crossing the blood brain barrier (BBB)
via extravascular targeting. These afore-discussed advancements in delivery and packaging
should be encouraged in the design of NP-drugs in order to reduce toxicity and improve
biocompatibility.

The cost of research and development of innovations like NP-drugs is usually huge
and is further complicated with the high cost of production. This makes the market
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price of the final product too high for the masses to afford. This defeats the aim of the
innovation as only few can afford them. To ensure that cost of the products is reduced
significantly to increase affordability, huge funding is required from donor agencies like
Non-Governmental Organizations (NGOs), private firms and Government agencies and
parastatals. More so, funding of drug purchase through mandatory health insurance
schemes should be encouraged to enable patients to buy such drugs with ease.

To overcome the regulatory hurdles encountered in the registration and use of NP-
drugs, the policies on the use of these innovations should be streamlined, and a universal
policy developed to ease approval and pharmacovigilance on NP-drugs. A robust global
policy will encourage the use of NP-drugs across continents and countries with ease.

Implementation of the expert opinions in this review will go a long way in translating
the research boom and the benefits found so far in nanomedicine to boom in the use of the
products in clinics.

7. Prospects of Nanotechnology in Medicine

Nanotechnology holds a lot of promises in medicine. It will be the future of medicine
in predicting, diagnosing and delivering materials for treating diseases. Each of these
segments has to be harnessed to obtain the benefits therein.

Nanotechnology has found usefulness in several areas in medicine such as imaging
techniques and diagnostic tools, drug delivery systems, tissue-engineered constructs, im-
plants and pharmaceutical therapeutics [132]. These areas of medicine are explored and
exploited using nanomedicine to improve healthcare delivery. Recently, some nanoparticles
like carbon nanotube, magnetic nanoparticles, quantum dots, and gold NPs have shown
the ability to repair damaged cells [133]. This can be exploited in tissue regeneration in
degenerative chronic conditions like Alzheimer’s disease. More so, NPs like silver-NPs and
Gold-NPs are known to be sun blockers, hence can be used as additives in lotions to act as
sun shields [133]. These opportunities presented by nanotechnology in medicine should be
exploited via effective collaboration between researchers and the industry.

7.1. Tissue Regeneration/Tissue Engineering Construct

Some disease conditions are characterized by loss or malfunctioning of cells, tissues,
organs and/or systems. A new approach in medicine targets the regeneration of the worn
out tissues in order to restore their functions [134]. This approach is an emerging area
of medicine aimed at treating several chronic conditions characterized by loss in cellular
functions. This technique is generally called tissue engineering (TE). The use of tissue
engineering approaches is limited by several challenges that include, but are not limited
to, lack of appropriate biomaterials, ineffective cell growth and absence of techniques to
capture the right physiological architectures [135].

The unique properties of each class of NPs make them handy in tissue engineering.
These properties exploited in tissue engineering are as outlined in Table 3.

Table 3. Properties of nanomaterials exploited for tissue engineering.

Type of Nanomaterial Exploited Property

Gold nanoparticles Surface conjugation and conduction
i;lge;,l S;lll(i‘lca;ﬁd(::ler metallic nanoparticles Antimicrobial ability

Quantum dots Fluorescence ability

Carbon nanotubes Electromagnetic ability

Adapted from [135].

Tissue regeneration involves these main stages: Cell recruitment, growth, proliferation
and differentiation. The last stage, differentiation, is a very crucial one for the success
of regeneration [136]. Recent studies have shown that NPs enhance differentiation. For
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instance, in bone TE, it was first observed that gold NPs promote osteogenic differentiation
of an osteoblast precursor cell line, MC3T3-E1 [137,138]. Harnessing the potentials of
nanotechnology in tissue regeneration can change the fortunes in the management of
several chronic conditions like diabetes, Parkinson disease, Alzheimer’s disease and other
degenerative diseases.

7.2. Potentiation of Immunotherapy

Immunotherapy entails the use of substances that boost or stimulate the immune sys-
tem to fight diseases. This approach has been used in the treatment of infectious diseases,
autoimmune diseases and cancer [139]. The immune system is made up of innate and
adaptive immunity, both of which are required to fight diseases. The development of adap-
tive immunity is the principle behind vaccine development, which is aimed at protecting
the masses from infections [140]. Adjuvants enhance the immunogenicity of vaccines to
antigens. In vaccine development, NPs encapsulate or adsorb the vaccine antigen or DNA
in an appropriate formulation, acting as adjuvants which increase their stability, cellular
uptake, and immunogenicity [141]. This new area can be explored effectively to ensure
better therapeutic output from vaccines.

Immunotherapy approach is also a necessary paradigm shift in the treatment of
cancer as conventional chemotherapy has failed due to resistance development [142]. It
becomes imperative to use agents that can stimulate the patients” immune system against
tumors by enhancing the innate immune system and the effector cell number, while,
minimizing the host’s suppressor mechanisms [143]. However, many immunotherapies
have been hampered by poor delivery and disturbing side effects [143]. The use of NPs in
immunotherapy is therefore sought to improve delivery and the therapeutic outcome in
this procedure and can be seen as the future of immunotherapy.

7.3. Medical Implants

Medical implants are devices or tissues that are carefully kept inside or on the surface
of the body with the aim of replacing missing body parts, delivering drugs, diagnosis
and/or providing support to organs and tissues. Medical implants have gained much
attention in orthopedic medicine; however, the problem of poor osseointegration common
with clinically available orthopedic implants limits their use [144] and calls for a paradigm
shift. Because NDPs act like native cells, they offer better advantages over the conventional
approach like better bone fracture repair, promote cell growth, reduce infection rates and
biofilm formation [144,145]. More so, some disease conditions cannot be tackled by using
orally administered drugs. The use of implantable drugs is the way forward. However,
there has to be a balance between safety and efficacy in the drug delivery.

8. Conclusions and Future Perspectives

Drugs have been frequently delivered by the traditional means. Poor bioavailability
and changes in plasma drug level characterize traditional drug delivery. These traditional
means do not allow the optimization of the therapeutic benefits inherent in drugs. A newer
approach gives hope for this optimization via improved efficacy and reduced toxicity. To
drive home the benefits of nanotechnology in drug delivery, the challenges faced, including
cost, ethics and regulatory hurdles must be addressed. This will change the face of medicine
in order to attend to the current challenges of drug failure. Increased funding of research
and development in NP-drugs, streamlining regulatory hurdles and implementation of
the recent advances in nanotechnology are imperative to boost the use of nanotechnology
in medicine. Implementation of the expert opinions in this review will go a long way in
translating the research boom and the benefits found so far in nanomedicine to boom in the
use of the products in clinics.
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