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Abstract

Background and Aim: The traditional drug delivery approach involves systemic
administration of a drug that could be nonspecific in targeting, low on efficacy, and
with severe side-effects. To address such challenges, the field of smart drug delivery
has emerged aiming at designing and developing delivery systems that can target
specific cells, tissues, and organs and have minimal off-target side-effects.
Methods: A literature search was done to collate papers and reports about the
currently available various strategies for smart nano-inspired drug delivery. The
databases searched were PubMed, Scopus, and Google Scholar. Based on selection
criteria, the most pertinent and recent items were included.

Results: Smart drug delivery is a cutting-edge revolutionary intervention in modern
medicines to ensure effective and safe administration of therapeutics to target sites.
These hold great promise for targeted and controlled delivery of therapeutic agents
to improve the efficacy with reduced side-effects as compared to the conventional
drug delivery approaches. Current smart drug delivery approaches include
nanoparticles, liposomes, micelles, and hydrogels, each with its own advantages
and limitations. The success of these delivery systems lies in engineering and
designing them, and optimizing their pharmacokinetics and pharmacodynamics
properties.

Conclusion: Development of drug delivery systems that can get beyond various
physiological and clinical barriers, as observed in conventionally administered
chemotherapeutics, has been possible through recent advancements. Using
multifunctional targeting methodologies, smart drug delivery tries to localize therapy
to the target location, reduces cytotoxicity, and improves the therapeutic index.
Rapid advancements in research and development in smart drug delivery provide

wider and more promising avenues to guarantee a better healthcare system, improve
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1 | INTRODUCTION

Drug delivery is a critical aspect of modern medicine that ensures
effective and safe administration of therapeutic agents to the
target site in the body.}? Traditional drug delivery or systemic
administration of a drug could have flaws such as nonspecific
targeting, low efficacy, and inadvertent and obvious side-
effects.>* The emerging field of smart drug delivery aims to
design and develop delivery systems to address these flaws to
target specific cells, tissues, and organs better and minimize the
off-target side-effects.>®

The development of smart drug delivery systems has opened
up new vistas for targeted drug delivery against numerous
diseases including cancer, cardiovascular diseases, neurological
disorders, and infectious diseases. Through precise delivery of
therapeutic agents, smart drug delivery systems could potentially
revolutionize the field of medicines in particular and healthcare in
general.” Smart drug delivery systems adopt various approaches
for improved specificity, efficacy, and safety of drug delivery.
These include using nanoparticles (NPs), liposomes, micelles,
hydrogels, and other such as biomaterials that can improve drug
solubility, stability, and bioavailability. Also, designed smart drug
delivery systems could respond to external or internal stimuli, and
allow for controlled drug release at the target site.®

This review attempts to provide an overview of the current
approaches and latest trends in smart drug delivery, various
delivery systems, and their applications. The advantages and
limitations of each approach are discussed, and the recent
advances and challenges in the field are highlighted. The
discussion extends to the future directions and potential
applications of smart drug delivery systems beyond conventional
therapeutics to personalized medicine and combination therapy.
Supporting substrates, flexible circuitry, adhesive films, actuator
components, thin-film sensor systems, data transmission systems,
therapeutic systems, and energy-harvesting systems are typically
included in smart wearable patch systems. By tracking numerous
physical and biochemical characteristics on real-time basis
and displaying an on-demand closed-loop drug release,
smart wearable patch systems that are coupled with therapeutic
components can enable personal healthcare and medication.
Because they combine biosensors and stimuli-responsive
carrier-based DDSs, these user-friendly, long-acting, noninvasive
and self-administrable smart wearable patch systems
have the potential to usher in an array of new-age healthcare

platforms.”

personalized medicine.

patient outcomes, and achieve higher levels of effective medical interventions like

hydrogels, liposomes, micelles, nanoparticles, smart drug delivery, therapeutics

2 | METHODOLOGY

To find the currently available papers and studies on the various
strategies for smart nano-inspired drug delivery, a focused literature
search was carrier out. The most pertinent and recent literature, as
per the selection criteria, was concentrated on. The keywords and
their combinations used while carrying out the targeted online search

» o«

were “smart nano drug delivery,” “smart nano drug delivery system,”

» o«

“nanostructured smart drug delivery,” “precise nano drug delivery,”
and “personalized nano drug delivery.” The scientific databases
searched were PubMed, Scopus, and Google Scholar. The require-
ments for an article to meet the inclusion criteria were: 1. studies or
articles on smart nano drug delivery, 2. studies or articles published in
the English language, 3. studies or articles published from the earliest
possible date till June 2023, and 5. studies or publications with June
2023 or later as the publication time. A total of 69 articles were
analyzed out of 240 collated after searching, and the references were
validated and manually listed. Based on the above selection criteria,
the most pertinent and recent items were included. The findings shed
light on the progress in the field of smart nano-drug delivery. Patterns
and consistency throughout the included literature may be found due
to the narrative synthesis technique employed in the study. The
irrelevant or less meaningful articles were excluded to avoid
defocusing from the write-up. The potential publishing and linguistic
bias, biasness due to high dependence on earlier reported research,
the lack of generalizability, and the contradicting evidence are some
of the limitations of this piece of work.

3 | NP-BASED SMART DRUG DELIVERY
SYSTEM

NP-based smart drug delivery system is one of the most extensively
improvised and widely applied approaches for targeted drug delivery.
NPs are widely defined as particles with a 1-1000 nm size range
having the ability to penetrate deep into the cells and tissues,
providing enhanced drug delivery efficiency.”® They can also be
designed with specific surface properties like charge, hydrophobicity,
or functionality, to enhance cellular uptake, extend circulation time,
and target the specific cells or tissues better.1%

NPs can be made from a variety of materials like polymer, lipid, metal,
and inorganic material, each with its own advantages and limitations
(Figure 1). For instance, polymer-based NP poly (lactic-co-glycolic acid;
PLGA) and polyethylene glycol (PEG) are suitable for in vivo applications
owing to their biocompatibility and biodegradability. Metal-based NPs like
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FIGURE 1 Classes of NPs for smart drug delivery and their advantages and disadvantages. NP, nanoparticle.

gold and iron oxide have unique optical and magnetic properties, useful
for imaging and theranostic applications. Lipid-based NPs like liposomes
and solid lipid NPs can mimic the structure of a cell membrane, enabling
better cellular uptake and targeting.*>*®> NPs can also be functionalized
with targeting ligands like antibodies, peptides, or aptamers to selectively
bind to specific cell surface receptors and enhance drug delivery
specificity. Also, the designed stimuli-responsive NPs release a drug in
response to specific triggers such as an altered pH, temperature or
enzyme activity, that ensures target-specific controlled drug release.”

Several NP-based smart drug delivery systems are developed against
numerous diseases like cancer, cardiovascular diseases, and neurological
disorders. For example, designed NP-based drug delivery systems target
cancer cells by exploiting the overexpression of specific receptors or
enzymes like folate receptors or matrix metalloproteinases that are
abundant in onco-cells. Targeting strategies could improve the efficacy
and reduce toxicity of chemotherapeutic agents like paclitaxel or
doxorubicin.**1> Besides cancer, NP-based drug delivery systems are
developed against cardiovascular and neurological ailments. Developed
NP-based systems deliver anti-inflammatory agents like siRNA or
curcumin to the vascular inflammation site to reduce inflammation and
prevent the progression of atherosclerosis. NP-based drug delivery
systems are developed to deliver drugs to the brain defying the blood-
brain barrier to treat neurological disorders like the Alzheimer's
disease.>"1”

Despite the numerous advantages of NP-based smart delivery
systems, several challenges are also there to address. For example,
the synthesis and characterization of NPs could be complex, and their
stability and toxicity need careful evaluation. The targeting and

controlled drug release efficiency of NP-based delivery systems for

specific applications also need optimization.*®

4 | LIPOSOMAL DRUG DELIVERY

Liposomes are spherical lipid bilayer vesicles that could encapsulate
hydrophilic or hydrophobic drugs. They are biocompatible, and
biodegradable, and can be functionalized for improved specificity
with targeting ligands. Liposomes can be engineered to respond to
stimuli, such as altering pH, temperature, and light, to release drugs at
the desired site of action. They can also be used to improve drug
stability and solubility.'%2°

On the other hand, polymeric NPs are composed of biodegradable or
biocompatible polymers like PLGA and PEG. These can also be
functionalized with targeting ligands and respond to pH, temperature,
and enzyme stimuli. Polymeric NPs can encapsulate both hydrophilic and
hydrophobic drugs, making them versatile drug carriers.?* Both liposomes
and polymeric NPs have been used in clinical trials for various diseases
including cancer, infectious diseases, and inflammatory disorders and

have shown astounding results at the preclinical stage.??%*

5 | MAGNETIC DRUG DELIVERY

Magnetic NPs having the ability to respond to magnetic fields have been
explored for smart drug delivery. Such NPs can be functionalised with
drugs and targeting ligands and delivered to target sites using an external
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magnetic field thereby improving drug delivery specificity and efficacy,
especially in the hard-to-reach areas such as the brain.2* Magnetic NPs
can also be used in hyperthermia therapy, where they are heated using an
external magnetic field to induce tumor cell death. With promising results

in preclinical trials, it holds great promise to improve cancer therapy.2>2¢

6 | MICELLES FOR SMART DRUG
DELIVERY

Due to their unique structural and physicochemical properties,
micelle NPs can be used as smart drug delivery systems. These
are composed of amphiphilic molecules that could self-assemble
in an aqueous solution to form stable colloidal particles with a
hydrophobic core and a hydrophilic outer layer. The hydrophobic
core could encapsulate hydrophobic drugs, enhance their solubil-
ity and stability by protecting them from degrading, while the
hydrophilic outer layer could improve the stability and
biocompatibility.2”:28

One primary advantage of micelles smart drug delivery systems is
their ability to selectively accumulate in a tumor microenvironment owing
to the enhanced permeability and retention (EPR) effect. Tumors
demonstrate leaky and disorganized blood vessels and impaired lymphatic
drainage that result in the accumulation of high concentration of NPs in
tumors as compared to normal tissues, a EPR phenomenon.?’ Micelles
can be designed to exploit the EPR effect by incorporating targeting
ligands like antibodies or peptides on their surface that would enhance
the specificity and efficacy of drug delivery.3°-32

Another advantage of micelles as smart drug delivery systems is
their ability to respond to stimuli like the altered pH, temperature, or
redox potential. Stimuli-responsive micelles can be designed to
release the drug on the tumors in response to triggers like acidic
environment or the presence of certain enzymes, allowing for target-
specific controlled drug release. pH-responsive micelles release the
drug in the acidic tumor microenvironment, reduce systemic toxicity,
and improve drug efficacy.®3*

Despite these advantages, there are several challenges that need
to be addressed. For example, the stability and biocompatibility of
micelles, and the efficiency and specificity of drug delivery need to be
carefully evaluated.” Additionally, micelles synthesis and characteri-
zation can be complex, and the scalability of the production process
needs to be optimized. Nevertheless, the continued advancements in
micelle-based drug delivery systems provide exciting opportunities
for improved healthcare outcomes and ultimately achieve personal-

ized medicine goals.>®

7 | STIMULI-RESPONSIVE HYDROGELS-
BASED SMART DRUG DELIVERY SYSTEMS

Owing to their unique properties of high-water content, bio-
compatibility and responsiveness to environmental stimuli, stimuli-

responsive hydrogels have emerged as promising materials to design

smart drug delivery systems.>® Hydrogels are 3-D networks of cross-
linked polymers that can absorb and retain large amount of water
while their structural integrity is still retained. The responsiveness of
hydrogels to external stimuli like temperature, pH, and ionic strength
can be tailored by incorporating stimuli-responsive polymers like
poly-N-isopropylacrylamide, poly-acrylic acid, or poly-ethylene glycol
into the hydrogel matrix.5”-%®

Stimuli-responsive hydrogels as smart drug delivery are
advantageous due to their ability to provide stimuli-specific
controlled release of drugs. Temperature-responsive designed
hydrogels release drugs in response to an altered temperature,
like elevated temperature in tumors, allowing for localized
sustained drug delivery. pH-responsive hydrogels could be
designed to release drugs in response to the tumourogenic acidic
microenvironment that enhance specificity and efficiency of drug
delivery.? Additionally, ionic strength-responsive designed hydro-
gels release drugs in response to changes in the ionic strength of
the surrounding environment, such as high ionic strength in the
gastrointestinal tract, improving the bioavailability and therapeutic
effect of the orally-administered drugs.*®

Another advantage of stimuli-responsive hydrogels is their ability
to be modified with targeting ligands or imaging agents, enabling
targeted drug delivery and real-time monitoring of the drug release.
Targeting ligands like antibodies or peptides could conjugate to the
surface of hydrogels to enhance the specificity and efficiency of drug
delivery to the target site. Imaging agents like fluorescent dyes or
magnetic NPs can be incorporated into hydrogels for real-time in vivo
monitoring of drug release and localization.*%%*

Despite these advantages, there are several challenges to
address for stimuli-responsive hydrogels as smart drug delivery
systems. For instance, their stability and biocompatibility, the
efficiency and specificity of drug delivery need to be carefully
evaluated. Also, the synthesis and characterization of hydrogels and
the scalability of the production process can be complex and need
consideration. The ongoing advancements in hydrogel-based drug
delivery systems nevertheless provide exciting opportunities and

promise a better healthcare system.*?

8 | BIOMIMETIC SMART DRUG DELIVERY
SYSTEMS

Biomimetic smart drug delivery systems are designed to mimic the
structure of biological systems such as cells or tissues and the natural
process to improve drug delivery specificity and efficiency.®®
Biomimetic drug delivery systems could incorporate various biologi-
cal system features, such as cell-penetrating peptides, extracellular
matrix components, or biological signaling molecules, to enhance the
targeting and uptake of drugs by the target cells or tissues. An
advantage of biomimetic smart drug delivery systems is their ability
to overcome biological barriers (like the blood-brain barrier or the
mucus barrier in the respiratory and gastrointestinal tracts) that limit

the efficacy of conventional drug delivery systems.*®
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An example of a biomimetic smart drug delivery system is the
exosomes, naturally occurring cell-secreted vesicles, which play a role
in intercellular communication. Engineered exosomes can encapsu-
late drugs and target specific cells or tissues by incorporating
targeting ligands or fusing with the target cell membrane. Exosome-
based drug delivery systems have shown promising results in
preclinical studies to treat various diseases like cancer and
neurological disorders.3¢

Liposomes are another example of a biomimetic smart drug
delivery system. These are synthetic lipid-bilayer vesicles capable
of encapsulating drugs and target specific cells/tissues.>® These
could be modified by targeting ligands like antibodies or peptides
for enhanced drug delivery efficiency and specificity. Liposomes
can be designed to respond to stimuli like the altered temperature
or pH, thus allowing for controlled drug release at the target site.**
Liposome-based drug delivery system has been approved for
clinical use in treating diseases like cancer and fungal infections
and continues as an active area of research and development.
Figure 2 illustrates the drug loading strategies, modes of action,
increased specificity, and half-life of liposome-based drug
delivery.*®

Despite the numerous advantages of biomimetic smart drug
delivery systems, also there are several challenges that need to be
addressed. For example, the complexity and variability of biological

systems can make the designing and optimization of biomimetic drug

Open Access

delivery systems challenging. Also, the scalability and reproducibility
of such systems, as well as their safety and toxicity need careful
evaluation. However, similar to the other above-discussed delivery
systems, the constant advancements in these drug delivery systems

provide exciting opportunities.*¢%”

9 | MICRO-NEEDLES IN SMART DRUG
DELIVERY

As drug delivery through transdermal route at the desired location
is not efficiently carried out due to dermal barrier, micro-needles
are suggested as a novel drug delivery mode.*®~>> Here, the skin is
penetrated with micron-size needle for improved drug transport-
ability to the desired location. Micro-needle drug delivery works
more efficiently than conventional methods like topical ointments,
transdermal patches, and hypodermic needles. Micro-needles also
include multiple needles that ensure the delivery of large quantity
of drugs by disrupting the dermal stratum corneum layer. Micro-
needles are prepared from materials like silicon, stainless steel,
platinum, palladium, nickel, palladium-cobalt alloy, ceramics, silica
glass, carbohydrates (maltose, mannitol, trehalose, sucrose, xylitol,
galactose, and polysaccharides), and biopolymers. Various types of
micro-needles are solid type, coated micro-needle, those using

hydrogel, dissolving micro-needle and hollow micro-needle.*8->>

Liposome Based Drug Delivery
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FIGURE 2 Drug loading strategies, modes of action, increased specificity, and half-life of liposome-based drug delivery systems.
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Dermatological applications of micro-needles in managing skin
diseases are huge. Micro-needle technology is useful in delivering
anesthetics, vaccines, hormones like insulin, pain management
drugs, inflammatory skin diseases, cancer and others.*®~>°

Micro-needle technology was recently applied in treating acne,
wherein micro-needles were employed to deliver ultrasound-
responsive zinc NPs to kill the Propionibacterium sp. responsible for
acnes.”® Patients with lung ailments like asthma, chronic obstructive
lung disease, and cystic fibrosis develop breathing difficulties owing
to infections and inflammation, usually treated through inhalation-
type drugs dispensed through inhalers/nebulizers. The commonly
used inhalation devices include nebulizer, pressurized metered-dose
inhaler, breath-actuated metered-dose inhaler, dry powdered inhaler
and soft mist inhaler.?” Since the generated pressure by the device,
lung deposition and inspiratory flow of a patient influence the
efficiency of drug delivery, so selecting an effective drug delivery
system is crucial to treat lungs disease.>®>?

A recent study proposed the application of smart inhalers
wherein the inhalers are fixed with smartphone applications. While
being patient-friendly, it would enable physicians to track the
medication adherence by the patient during management dura-
tion.%® Given the associated drawbacks in traditional drug delivery
systems, transdermal drug delivery approach has gained
recognition in recent times.®* Microarray patch (MAP) is a recently
proposed novel transdermal drug delivery approach. Unlike the
routine transdermal patches that release the drug instantly into the
skin, MAP-based drug delivery systems are smart and are
presumed to act on biological stimuli to release the drug. MAPs
could also monitor the patients during drug therapy.®? Smart drug
delivery mechanisms like using porous particles and stimuli-
responsive gatekeepers (smart gatekeepers) as carriers were
proposed for improved drug delivery.®® These methods notably
enhance drug diffusion to the affected site and improve therapeu-

tic efficacy of the drug.

10 | COMBINATION THERAPY USING
SMART DRUG DELIVERY SYSTEMS

Combination therapy involves codelivering multiple drugs with
various mechanisms of action to enhance the therapeutic efficacy
while minimizing the adverse effects. Smart drug delivery systems to
release drugs at different rates or in response to specific stimuli could
be designed to allow precise control over the drug release profile and
delivery timing. Combination therapy using smart drug delivery
systems is promising to treat various diseases including cancer,
cardiovascular disease, and neurological disorders at least at the
preclinical stage.*”

Codelivery of chemotherapeutics and immunomodulatory agents
to treat cancer exemplifies combination therapy using smart drug
delivery systems. While killing onco-cells, chemotherapy drugs also
affect healthy cells, leading to severe adverse effects. Immunomo-
dulatory agents can enhance immune response toward cancer cells

and improve the efficacy of chemotherapy, but they could also cause
immunotoxicity if not properly delivered. Designed smart drug
delivery systems could co-deliver chemotherapy drugs and immuno-
modulatory agents at the tumor site, allowing for synergistic effects
while minimizing the off-target (side-) effects.®*

Another example of combination therapy using smart drug
delivery systems is the codelivering drugs to treat complex diseases
like Alzheimer's targeting multiple pathophysiological conditions.
Alzheimer's disease involves multiple pathophysiological pathways
including neuroinflammation, oxidative stress, and protein misfolding.
Designed smart drug delivery systems can codeliver synergistic drugs
targeting these different pathways for an improved therapeutic
efficacy. Additionally, smart drug delivery systems can be designed to
target specific regions of brain for more effective drug delivery and
improved patient outcomes.®>%®

Combination therapy with smart drug delivery system can
potentially revolutionize the treatment of various diseases by
improving therapeutic efficacy while minimizing the adverse
effects.” The design and optimization of smart drug delivery
systems for combination therapy needs a thorough understanding
of the disease pathophysiology, drug pharmacokinetics, and
interactions between the drugs and the delivery system. Despite
challenges, advancements in such smart drug delivery systems

pose exciting opportunities for healthcare and medical
sciences.31:¢8
11 | ADVANTAGES AND LIMITATIONS OF

SMART DRUG DELIVERY SYSTEMS

Smart drug delivery systems have gained significant attention in drug
delivery due to their ability to improve therapeutic efficacy while
minimizing adverse effects. Like any technology, smart drug delivery
systems have their advantages and limitations. This section touches
upon some major/wider and critical aspects regarding this.

11.1 | Advantages

1. Enhanced therapeutic efficacy: Smart drug delivery systems can be
designed to target specific tissues/cells for enhanced therapeutic
efficacy. Designed NPs can target onco-cell, allowing for higher
drug concentrations at the tumor site and minimizing off-target
side-effects.?

2. Controlled drug release: Along with enhanced drug targeting, smart

drug delivery systems can ensure controlled release of drugs at
specified rates or in response to specific stimuli, ensuring precise
control over the profile and the timing of drug release/delivery.
This could improve therapeutic efficacy and reduce adverse
effects.?’

3. Improved patient compliance: IT-enabled smart drug delivery

systems could be designed to keep a track of the dosing by the
consulting clinician from remote locations. Smart delivery
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systems can be designed to deliver drugs over extended
periods, reducing a need for frequent dosing and improving

patient compliance.??

11.2 | Limitations

1. Complex design: The designing and optimization of smart drug
delivery systems need a detailed knowledge of disease patho-
physiology, drug pharmacokinetics and drug-delivery system
interactions. It could result in complex and time-consuming design
processes.'®

2. Limited drug loading capacity: Some smart drug delivery systems
have limited drug loading capacity that could affect their
therapeutic efficacy. Also, drug loading capacity could affect its
release kinetics.*>1¢

3. Biocompatibility and toxicity concerns: Biocompatibility and toxicity
of smart drug delivery systems need careful consideration.
Materials meant to design smart drug delivery systems, like NPs,
can be cytotoxic that may lead to inadvertent adverse effects.'®
This needs to be addressed with due diligence and multiple
compatibility and toxicity assays in vitro and in vivo before
qualifying a potential material for designing a drug delivery

system.

12 | FUTURE DIRECTIONS AND
CHALLENGES

The field of smart drug delivery systems is rapidly evolving with
multifarious future directions and challenges to address. Some of
the key areas of research directions in future, and the various
imminent and possible challenges to overcome are dis-

cussed here.

12.1 | Future directions

1. Personalized medicine: Personalized medicine is the future of
healthcare and smart drug delivery systems will certainly play a
catalytic role in it. Tailoring individualized drugs and their judicious
delivery to a patient based on the genetic, biomarker, and lifestyle
factors characteristics, such personalized medicine could improve
treatment and minimize adverse effects.®!

2. Combination therapy: Yet another emerging field is combina-
tion therapy involving the delivery of multiple drugs using
smart drug delivery systems. Combination therapy could
improve therapeutic efficacy, enhance bioavailability and
reduce developing drug resistance, if any, in diseases such as
cancer.!?

3. Integration with other technologies: Smart drug delivery systems

can be integrated with other technologies like biosensors, imaging

Open Access

modalities and artificial intelligence to create more advanced and
precise drug delivery systems as also monitor the same
remotely.2

12.2 | Challenges

1. Regulatory approval: The development and approval of smart drug
delivery systems by regulatory agencies can be challenging due to
the complex nature of these systems. The safety and efficacy of
these systems need to be rigorously tested and validated before
approval for human use.®®

2. Manufacturing scalability: Developing manufacturing processes to
produce large quantity of high-quality smart drug delivery systems
at a reasonable cost is essential. Manufacturing of smart drug
delivery systems can be challenging, and its production scalability
is a significant challenge.®%*

3. Biocompatibility and toxicity concerns: Some materials used in
smart drug delivery systems can be toxic to cells and tissues,
leading to numerous unavoidable adverse effects later. Thus,
biocompatibility and toxicity of such delivery systems need to be

carefully considered.®*

13 | CONCLUSION

Smart drug delivery systems hold great promise for targeted and
controlled delivery of therapeutic agents for improved efficacy and
reduced side-effects of conventional drug delivery approaches.
Current approaches to smart drug delivery primarily involve NPs,
liposomes, micelles, and hydrogels, having their own advantages
and limitations. The success of these systems lies in their design
and engineering marvels with optimized pharmacokinetics and
pharmacodynamics properties. Smarter drug delivery systems can
be designed to target specific cells, tissues, and organs by
combining various advanced new-age materials and state-of-the-
art technologies. Stimuli-responsive materials and biomimetic
designs can enable controlled drug release and enhance therapeu-
tic effects. Despite the obstacles that have prevented these
delivery systems from being popular in medical set-ups as yet,
these futuristic nano-devices still are very promising. Still, such
systems will need to work in tandem with theoretical elaborations,
laboratory studies, extensive research, and pharmaceutical and
medical validation to achieve their full potential. Employing such
treatments could significantly address bio-acceptability issues that
drug delivery systems confront and will result in single, very
effective dosage that will defy large drug build-up. Although still
many challenges there are to overcome, rapid research and
development advances in smart drug delivery could provide wider
and promising avenues to guarantee improved patient outcomes
and achieve high-end effective medical interventions such as

personalized medicine.
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