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Abstract: The rapid progress in drug delivery systems has introduced new technology with new
instruments to enhance bioavailability, targeting, and therapeutic efficacy. Nanotechnology-based
drug delivery systems involving liposomes and nanoparticles have revolutionized targeted therapy
and individualized medicine by reducing drug toxicity and maximizing drug effectiveness. Further,
new directions like Al-assisted drug design, smart polymers, and biodegradable carriers are
redefining controlled release of drugs and targeted formulation. As a result of antibiotic resistance,
novel drug delivery systems are being researched for enhancing the bactericidal activity of
antibiotics, biofilm penetration, and bactericidal selectivity. Herbals too are being incorporated into
vesicular systems and nanocarriers with a trial to enhance stability, permeation, and bioactivity. The
future of drug delivery is artificial intelligence-formulation design, green biomaterials, and
nanotechnology. Future-oriented biodegradable materials, targeted therapy, personalized medicine,
and intelligent carriers allow drug science to provide more efficient, patient-relevant, and
environmentally friendly treatment.
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1. Introduction

The drug delivery field has long passed from the days of conventional methods to highly
sophisticated targeting systems. All traditional drug delivery methods are followed by shortcomings
of low bioavailability, systemic side effects, and inadequate specificity and, hence, necessitate the
development of new modes of delivery [1]. Playing their part appropriately, newer drug research
today has shifted focus towards precision-guided methods facilitating higher therapeutic
responsiveness with fewer undesirable effects [2].

Among these advances, targeted drug delivery is particularly important in maximizing drug
localization to make sure the therapeutic agent moves to the intended site of action with minimal
distribution within the system. Not only does this technology enhance the efficacy of therapy but also
reduces drug resistance and side effects [3]. The use of nanotechnology has also greatly
revolutionized drug delivery, offering carriers in the nanoscale range that can load, protect, and
efficiently deliver drugs to specific cells or organs [4].
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Apart from that, the nanoparticle and vesicular delivery systems such as liposomes,
proniosomes, and polymeric nanoparticles have gained a platform in drug release through sustained
and controlled mechanisms. They have proved to be remarkable in overcoming physiological
barriers, enhancing solubility, and enhancing compliance among patients [5].

2. Revolutionizing Oral Drug Delivery: Chewable, Effervescent, and Film-Based
Systems

Oral drug delivery is still the most convenient method of drug delivery due to convenience,
patient acceptability, and economy. Traditional oral dosage forms such as tablets and capsules,
however, are sure to have some disadvantages such as swallowing, time delay, and variability in
bioavailability. To avoid such disadvantages, newer forms of oral drug delivery such as chewable
tablets, effervescent tablets, and mouth-dissolving films are introduced as alternative methods [5].

2.1. Chewable Tablets: Enabling Convenience and Compliance

Orally disintegrating flavored chewable tablets are an example of pharmacy convenience dosage
form in pediatrics, geriatric patients, and dysphagia patients. Oral cavity dissolution with no need
for water intake further offers an enhancement of drug bioavailability and compliance of the patient
[5]. It encompasses adding flavoring agents and other useful excipients for the right texture-stability-
taste-masking profile.

2.2. Mouth-Dissolving Films: Next-Generation Oral Delivery System

Mouth-dissolving films or MDFs are a new drug delivery system, which dissolves in seconds on
being brought into contact with saliva, enabling rapid absorption of the drug without the need for
water intake. They are very thin films of polymers and are very effective for dysphagia patients rather
than tablets or capsules. They also ensure precise dosing, rapid onset of action, and increased
bioavailability [7].

With ongoing innovations in the science of formulation, nanostructured drug carriers, and
bioadhesive polymers, oral-delivery of drugs is rapidly transforming into increased therapeutic
response and patient acceptability. Even excipient engineering and smart drug delivery systems are
still advancing to transform drug delivery yet more and drugs yet more potent, acceptable, and
patient-friendly.

2.3. Effervescent Tablets: New Generation of Instant Release

Effervescent tablets form a novel drug delivery system by disintegrating in water to form a fizzy
drink with fast disintegration and high solubility. The system is most bioavailable for water-insoluble
drugs, thus better than the conventional tablets [6]. Gastrointestinal tolerability is also improved in
effervescent systems because the buffered system prevents gastric irritation otherwise caused by
acidic drugs.

3. Nanotechnology in Targeted Drug Delivery: Innovations and Challenges

Nanotechnology has revolutionized drug delivery into targeted, controlled, and specific
therapy. The nanocarriers such as dendrimers, nanoparticles, and liposomes enhance the
bioavailability of the drug, minimize systemic toxicity, and maximize therapeutic effect [8]. The
nanostructures are employed for the delivery of drugs to the target cells directly and thereby
minimizing off-targeting effects as well as improving the efficacy of treatment.

3.1. Nanotechnology Innovations Towards Drug Targeting

Subsequent development involves the fabrication of pH-, temperature-, or enzyme-responsive
intelligent nanocarriers for the release of drugs [8]. Hydrophobic and hydrophilic drugs are


https://doi.org/10.20944/preprints202502.1230.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 February 2025 d0i:10.20944/preprints202502.1230.v1

3 0of 8

encapsulated and stabilized with facilitated diffusion to the target tissue, e.g., [9]. Targeted delivery
is also produced by surface labelling with peptides, antibodies, or ligands, particularly for cancer and
neurodegenerative disease.

3.2. Challenges in Clinical Translation

There are some issues still to be solved in the clinical use of drug delivery systems with the help
of nanotechnology even with the reported enhancement. They are mass production and approval by
the regulatory bodies, stability, and nanoparticle toxicity [9]. Apart from them, further combined
investigations must be carried out for biocompatibility and clearance mechanism of the nanocarrier
to guarantee long-term safety and efficacy [10].

3.3. Future Outlook

As there is increasing focus on targeted therapy as well as on bioengineering, the future of
targeted therapies may also be defined by nanotechnology. Real-time monitoring platforms,
biomimetic nanocarriers, as well as interaction with Al-based drug design, will make targeting drug
delivery platforms safer and better [10].

4. The Role of Personalized Medicine in Drug Formulation and Delivery

Personalized therapy is revolutionizing drug development and drug delivery from the
conventional proven one-size-all to patient individualized disease-profiling-based or biomarker-, or
genetic-source-based therapeutic schemes. This completely revolutionizes the strategy so that
maximum drug potency with a nullification of adverse effects, coupled with enhanced patient
outcome, is guaranteed [11].

4.1. Incorporating Personalized Method into Drug Preparation

Pharmacogenomics and biomarker therapy research enabled us to individualize drug
development at a patient level. Liposome and nanocarrier systems, for example, may be developed
to cross-link target biomarkers or receptors that permit targeted therapy with fewer systemic side
effects [11]. 3D printing technologies also permit patient-defined drug manufacture for enhanced
compliance and therapeutic outcome.

4.2. The Role of Nanotechnology in Personalized Drug Delivery

Nanotechnology has also continued to be of extremely high importance in designing disease
state, metabolism, and patient's biological microenvironment-responsive intelligent drug delivery
systems [12]. pH-, temperature-, or enzyme-sensitive nanocarriers stimulus-responsive drug release
has been an exemplary model for controlled and sustained drug delivery with immense bearings on
treatment strategy of long-duration diseases such as autoimmune diseases and cancer [12].

5. Antibiotic Resistance and Advanced Drug Delivery Strategies

Resistance development is a modern global medical emergency calling for the formulation of
novel drug delivery systems for optimum activity of antibiotics, resistance reduction, and long-term
curative action. The standard antibiotic therapy is associated with low bioavailability, systemic
toxicity, and microbial drug resistance, and these are some of the causes of therapy failure and
resistant microbes [13].

5.1. Mechanisms of Antibiotic Resistance

The bacteria are getting resistant by gene mutation, hydrolysis through enzymes, efflux pump
mechanism, and biofilms that inactivate most of the traditional antibiotics [13]. The problem is also
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driven by the overuse and misuse of antibiotics in the hospitals, animal clinics, and disease-resistant
livestock farms [14].

5.2. Future Drug Delivery Strategies to Combat Resistance

Liposomes, nanoparticles, and polymeric micelles have been developed as new drug delivery
systems in recent years for increasing solubility, stability, and targeted drug delivery of antibiotics
[14]. Antibiotics are encapsulated in liposomes and target the delivery of the drugs to the site of
infection and minimize the systemic toxicity [15]. Nanoparticle drug delivery systems also increase
invasion and internalization in bacteria and reverse mechanisms of resistance like efflux pumps and
biofilm defense [15].

Apart from this, pH-, temperature-, or enzyme-releasable drug carriers provide site-active
antibiotics with lesser side effects. Dry powder inhaler and nasal drug delivery systems have been
explored as respiratory infection medications with local release of the antibiotics with greater
therapeutic efficacy [16].

5.3. Future Prospects in Antibiotic Therapy

The phage therapy, artificial intelligence-based drug discovery cross-talk, and nanotechnology
is writing the future of antimicrobial therapeutics. CRISPR gene editing, combination therapy, and
nanocarriers are going to destroy antibiotic-resistant bacteria without injuring antibiotics [16].

While the threat of antibiotic resistance hangs over the whole world, new drug delivery systems
are highly optimistic to enhance the effect of antibiotics, limit resistance, and provide maximum
benefit to patients.

6. Herbal Therapeutics and Their Integration with Modern Drug Delivery

Table 1. Integration of Herbal Therapeutics with Modern Drug Delivery.

No. | Key Aspect Challenges | Nanotechnology- | Examples &
Based Solutions Applications
1 Poor Rapid Nanoencapsulation, | Curcumin

Bioavailability | metabolism, |lipid-based carriers | nanoparticles for

low systemic | [18] cancer therapy [18]
circulation
[17]
2 Solubility Poor water | Nanoemulsions, Resveratrol
Issues solubility, polymeric micelles | nanoemulsions for
limiting [18] cardiovascular
absorption health [18]

[17]
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3 Stability Degradation | Liposomal and | Quercetin-loaded
Concerns due to light, | dendrimer-based liposomes for anti-
pH, or | formulations [18] inflammatory
enzymes [17] effects [18]
4 Targeted Lack of | Ligand- Herbal-based
Delivery specificity, functionalized nanocarriers  for
potential nanoparticles [18] | neurodegenerative
toxicity [17] diseases [18]
5 Standardization | Variability in | Al-driven Al-optimized
& Consistency | composition, | formulation herbal drug
regulatory techniques, quality | formulations for
challenges control  measures | personalized
[17] [18] medicine [18]

7. Emerging Trends: Al, Smart Polymers, and Biodegradable Carriers

Applications &
No. | Innovation Key Features Examples
Benefits
Machine learning | Predicts drug
Al-optimized
for formulation responses,
AI-Driven nanoparticles for
1 optimization, enhances
Drug Delivery targeted
personalized nanocarrier
chemotherapy [19]
medicine [19] design [19]
Stimuli- pH-sensitive
Controlled, site-
Smart responsive (pH, hydrogels for
2 specific drug
Polymers temperature, cancer therapy
release [20]
enzymes) [20] [20]
Eco-friendly, low | Reduces long- PLGA-based
Biodegradable toxicity, term nanoparticles for
3
Carriers improved accumulation in | sustained drug
stability [21] the body [22] release [21]
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Minimizes
Focus on Chitosan-based
Sustainability environmental
renewable, carriers for
4 in Drug impact,
biocompatible antibiotic delivery
Delivery enhances safety
materials [22] [22]
[23]

Integration of Al, Advances in
Al-assisted
smart materials, precision
Future formulation of
5 and medicine and
Prospects personalized drug
biodegradable patient-specific
regimens [24]

carriers [24] therapies [24]

Conclusion

The development of drug delivery systems has revolutionized contemporary therapeutics
through improved efficacy, bioavailability, and patient compliance. Nanoparticle-based formulations
such as liposomes and vesicular carriers have revolutionized targeted therapy by lowering toxicity
and increasing therapeutic impact. The integration of Al-based technologies, smart polymers, and
biodegradable carriers is also simplifying drug formulation and controlled release.

With this, tailored medicine is also making way for individualized treatment, and research on
antibiotic drug-delivery technologies is combating increasing antibiotic resistance. The application of
herbal bioactives in second-generation nanocarriers is making safe and efficient plant-derived
medicines accessible.

With new Al-based formulations, stimulus-responsive polymers, and green biodegradable
carriers, the science of pharmacy is converging towards precision, greenness, and effectiveness. All
of these developments hold the promise to change the face of clinical practice, regulatory paradigms,
and patient-focused therapy, providing novel solutions to problems in therapy.
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