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and advanced manufacturing. These platforms aim not only to improve precision and
reduce toxicity but also to translate personalized therapies into real-world practice. This
review highlights progress in stimuli-responsive carriers, biopolymer- and protein-
based systems, nanogels, microrobots, Al-integrated models, and 3D/4D printing,
alongside emerging patient-specific approaches such as mRNA vaccines and gene
editing. Special emphasis is placed on translational aspects—regulation, safety,
scalability, and access—as fewer than 15% of innovations advance beyond early trials.

Looking ahead to 2025-2030, harmonized regulation, organ-on-chip predictive testing,
and patient-centered design will be essential to ensure these technologies move from
bench to bedside. Together, these developments signal a paradigm shift where
personalization is not only engineered but effectively translated into clinical practice.

INTRODUCTION

Drug delivery has evolved beyond conventional
formulations to embrace intelligent platforms that
combine engineering precision with clinical
applicability. In the past five years, major strides
in nanotechnology, biomaterials, and Al have
enabled therapies that are not only more effective
but also increasingly personalized. Personalization

in drug delivery refers to tailoring treatment
according to patient-specific factors such as
genetic background, disease phenotype, and
metabolic profile. At the same time, translational
perspectives—including regulatory readiness,
scalable production, and safety validation—
determine whether laboratory innovations can
reach real-world practice. Next-generation drug
delivery systems (DDS) have rapidly progressed in
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the past five years, moving beyond conventional
formulations toward intelligent, patient-tailored
platforms.  Advances in  nanotechnology,
biomaterials, artificial intelligence (Al), and
3D/4D fabrication are reshaping the therapeutic
landscape by enabling precision dosing, site-
specific targeting, and adaptive release profiles.
Personalization in DDS integrates molecular

diagnostics, genetic profiling, and digital health
data to optimize treatment for individual patients,
while translational

regulatory readiness,
safety validation, and equitable access.

perspectives  focus on

scalable manufacturing,
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Figure-1: Next generation drug delivery systems

As illustrated in flowchart (Figure 1), emerging
DDS platforms—including stimuli-responsive
carriers, biopolymer systems, nanotechnology-
enabled approaches, Al-integrated models,
microrobotics, and nanogels—highlight both the
therapeutic potential and the translational hurdles.
Together, these innovations signal a paradigm
shift from passive formulations toward dynamic,
intelligent therapeutic ecosystems,

precision medicine for 2020-2025.

redefining
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1. Smart and Stimuli-Responsive Delivery
Systems

Stimuli-responsive drug delivery systems (DDS)
have emerged as an advanced class of
nanomedicine engineered to release therapeutic
cargo in response to endogenous or external
stimuli as shown in figure 2. These platforms
overcome the
formulations by enabling spatiotemporal control,
improved bioavailability, and reduced systemic

limitations of conventional
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toxicity [1]. Internal triggers such as acidic pH,
redox gradients, hypoxia, and disease-associated
enzymes are frequently exploited in tumor and
inflammatory microenvironments. For example,
pH-sensitive micelles and hydrogels undergo
structural disassembly in acidic sites, facilitating
selective drug release [2]. Enzyme-activated
carriers employ proteases or glycosidases as
switches for targeted therapy, particularly in
cancer and inflammatory disorders [3]. Redox-
responsive  nanocarriers utilize intracellular
glutathione gradients to achieve selective
activation in tumor and inflamed tissues [4].

Internal triggers

External stimuli—including ultrasound,
temperature, magnetic fields, and light—have also
been integrated into carrier designs, offering non-
on-demand activation [5]. Recent

innovations emphasize dual- or multi-stimuli-

invasive

responsive platforms, where combined triggers
enhance selectivity, minimize off-target effects,
and enable multifunctional roles such as drug
delivery coupled with imaging or theranostics
[6,7]. These approaches are now central to the
development of precision therapeutics for
oncology, inflammation, and chronic diseases.

External triggers

) El £ Temperature
ﬂ NP ﬂ
| 2 Light
ﬂ Hydrogel [[
redox Magnetic/ ]
A2 | ultrasound
| — 2 — H

Drug release
at target site

micelle

Drug release
at target site

Personalization Feature
e.g. enzyme profile-based release

Figure 2: Mechanism of Smart and Stimuli-Responsive Delivery Systems

A comparative overview of key delivery
platforms, including their advantages, limitations,
and applications, is presented in Table 1.

Table-1: Stimuli-Responsive Drug Delivery Systems (DDS)

\
oF

Stimuli . . C . Personalization Refere
Example Carrier Major Applications Potential nce
Redox-sensitive Oncology, chronic Tailored relg ase based
Internal NATIOCAITIErS inflammation on intracellular | [1]
(Redox) glutathione levels
pH-sensitive Tumor therapy, | Release triggered by 2]
Internal (pH) micelles/hydrogels | inflammation patient-specific  tumor
75\
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acidic
microenvironment
. Cancer, Carrier activation based
Protease-activated ) . )
Internal . inflammatory on patient-specific | [3]
nanoparticles .
(Enzyme) diseases enzyme profile
Thermo-responsive | Localized drug Trlg'gered. by patient-
External hvdrogels delive specific site heating or | [4]
(Temperature) yarog Yy wearable device
Magnetic
External nanoparticles, Targeted delivery, | Non-invasive, patient-
(Magnetic/Ultr | ultrasound- imaging-guided specific spatiotemporal | [4,5]
asound/Light) | responsive therapy control
liposomes
Dual-/Multi- pH +  Enzyme Enhanced select1y1ty
L . Cancer therapy based on patient | [5,6]
Stimuli responsive nanogels . .
microenvironment

2. Biopolymer and Protein-Based Carriers

Biopolymer- and protein-based carriers are
gaining prominence due to their intrinsic
biocompatibility, biodegradability, and tunable
physicochemical properties. Natural
polysaccharides such as chitosan, alginate, and
cellulose derivatives provide mucoadhesive
properties and pH-responsiveness, making them
particularly valuable for oral, nasal, and ocular
delivery [8]. Proteins such as human serum
albumin and gelatin have been extensively
engineered into nanoparticles and hydrogels,
improving solubility of hydrophobic drugs,
prolonging systemic circulation, and enabling
targeted accumulation in tumors [9]. Gelatin and

silk fibroin matrices, responsive to both

temperature and pH, further enable localized and
sustained release of therapeutic agents [10].
Recent work has integrated nanotechnology with
biopolymers to generate hybrid platforms capable
of stimuli-responsiveness, imaging, and gene
delivery. Such carriers are being investigated as
safer alternatives to synthetic polymers in
precision medicine [11]. Nevertheless, large-scale
reproducibility, batch-to-batch variability, and
regulatory standardization remain unresolved
challenges that hinder clinical translation
[12].While biopolymers offer biocompatibility,
advances in artificial intelligence now provide the
computational backbone for personalization. As
shown in Table 2, biopolymer and protein-based
carriers offer biocompatible, tunable, and patient-

specific delivery solutions.

Table 2: Biopolymer & Protein-Based Carriers

Delivery | Advantag C o Personalization | Refer
Source Limitations .
Route es Potential ence
Biocompat . .
Chitosan, Oral, ible, Stability, Patient-sp .eCIf.lc
Polysacchar . . release kinetics,
. Alginate, Nasal, mucoadhe | limited [8]
ides . . targeted organ
Cellulose Ocular sive, pH- | loading ;
- delivery
responsive
Biodegrad | Batch Tumor-targeted
Human able ariabilit accumulation
Proteins Serum IV, Local | 2> M Yo wmuiation, g 10]
. 1mproves immunogenic | patient-specific
Albumin, .
hydrophob | ity dose
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Gelatin, ic drug
Silk Fibroin solubility
. Biopolymer Stlmuh—. Personalized
Hybrid + responsive | Scale-up .
: . IV, Local . . theranostic [11]
Biopolymer- | nanoparticl , imaging- | challenges .
applications
Nano es capable

3. Artificial Intelligence (AI) and Digital Health
Integration

Artificial intelligence (AI) and digital health
technologies are reshaping modern drug delivery
by enabling predictive, personalized, and adaptive
therapeutic strategies. Advanced machine learning
(ML) and deep learning (DL) models now support
biomarker identification, pharmacokinetic
predictions, and patient stratification, thereby
enhancing therapeutic precision and minimizing
toxicity [12].

3.1 Al in Oncology

One of the most impactful applications of Al is in
oncology, where Al-assisted imaging has
improved both early tumor detection and
individualized treatment planning [13]. For
example, deep learning algorithms have been
successfully trained to analyze MRI and CT scans,
enabling the detection of subtle tumor features that
guide the design of patient-specific drug delivery
regimens. Predictive algorithms are also being
employed to optimize chemotherapy dosing
schedules, reducing adverse effects while
maintaining efficacy [13].

3.2 Wearables and Real-Time Monitoring

Wearable biosensors integrated with Al platforms
provide  continuous, disease
monitoring, offering real-time feedback for
chronic disease management [14]. For instance,
Al-enhanced glucose monitoring systems have
been used to optimize insulin delivery in diabetic
patients, while mobile health platforms track

non-invasive
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cardiovascular biomarkers to inform personalized
dosing adjustments. Such integration ensures
timely interventions and supports long-term
patient adherence.

3.3 Al and Electronic Health Records (EHRs)

The incorporation of AI into EHR systems
strengthens predictive modeling by screening for
drug—drug interactions and detecting early signals
of adverse events [15]. In practice, this approach
has been applied in large hospital networks, where
ML models flag high-risk patients and adjust
therapeutic regimens proactively, minimizing
hospital readmissions and improving outcomes.

3.4 Generative Al in Drug Discovery and
Delivery

Generative Al models are now accelerating drug
discovery pipelines by enabling virtual screening,
compound optimization, and in silico prediction of
therapeutic responses [16]. For example, Al
platforms have been deployed to design
nanoparticle carriers with optimized size and
surface properties, reducing the experimental trial-
and-error burden in drug delivery research. This
not only saves time but also lowers development
costs.As shown in Table 4, Al and digital health
approaches are increasingly integrated into DDS to
enable predictive, adaptive, and patient-specific
therapies.
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3.5 Intelligent Drug Delivery Models

Domain Al Method Application Example Personalization Reference
Impact
Patient-specific
Cardiology DL Predict arrhythmia Al EC.G preventive [12]
analysis
therapy
Tumor imagine & Al-guided Individualized
Oncology ML ging MRI/CT therapy [13]
segmentation . :
analysis planning
Al-assisted | Optimizes dose
Oncology ML/DL Predictive dosing | chemotherapy for patient- [13]
schedule specific PK/PD
Immunothera; ?&eﬂfd(;(i:s Personalized
Oncology DL apy neckp immunotherapy [13]
response prediction inhibitor
schedule
response
Continuous Real-time
Chronic Wearables + : glucose L
Discase ML Adaptive therapy monitoring + per.sonahzed [14]
. . . adjustment
insulin dosing
Pain ML Opioid dosing | tracks pain |  relonse per [14]
Management | Wearables p & XS P . p
signals patient needs
Infectious Drug-resistance AI.p redicts Guides patlent-
. ML . resistant TB specific [15]
Disease prediction : :
strains regimen
Al monitors Minimizes
Geriatric ML Polyph_armacy interactions adverse §:ffects [15]
Care optimization . personalized to
in elderly .
patient
. Simulation of Rapid patient-
Drug Generative Virtual screenin therapeutic specific drug [16]
Discovery Al & res Fc’)nse candidate
P identification
Personalized
Rare ML Pharmacogenomics enzyme Patient-specific [17]
Diseases replacement | treatment plan
therapy
3.6 Machine Learning in Drug Release

Smart drug delivery systems (SDDSs) integrate
advanced biomaterials, nanotechnology, and
computational modeling to enhance therapeutic
precision and patient-specific outcomes. These
platforms leverage dynamic design principles to
optimize drug release, improve bioavailability,
and minimize adverse effects, moving beyond
traditional static delivery methods [18].

M tr o
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Optimization

Recent advances in machine learning (ML)
algorithms—including XG Boost, Light GBM,
and Cat Boost—have demonstrated strong
predictive capability for drug release kinetics and
personalized dosing regimens [18]. By analyzing
multidimensional datasets, including patient
demographics, pharmacokinetics, and disease
biomarkers, ML models can forecast drug
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absorption and circulation profiles with higher
accuracy than conventional modeling approaches.

3.7 Evidence of Efficacy, Challenges, and
Translational Potential

Recent studies demonstrate that ML-enhanced
drug delivery systems can improve predictive
accuracy, optimize therapeutic efficacy, and
reduce  adverse compared  with
conventional approaches [19]. These intelligent
platforms  support individualized  dosing
schedules, combination therapy optimization, and
integration with nanocarriers or microrobotic
delivery systems. Despite this promise, translation

events

into clinical practice faces major hurdles.
Concerns include data privacy, algorithmic bias,
and limited validation across diverse patient
populations  [17].  Furthermore, regulatory
approval for Al-driven dosing and seamless
integration with healthcare IT infrastructure
remain underdeveloped [20]. Large-scale datasets
and well-designed clinical trials are still required
to establish safety and reliability. Addressing these
challenges will be essential for regulatory
acceptance and real-world adoption. Nonetheless,
intelligent DDS represent an important step toward
fully personalized therapeutic ecosystems, where
drug delivery adapts dynamically to individual
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patient needs, bridging computational prediction
with clinical application [17,19-20].

4. Advanced Manufacturing: 3D and 4D
Printing

Additive manufacturing (AM) has emerged as a

transformative  technology in  biomedical
engineering, allowing the design of patient-
specific and customizable drug delivery systems
(DDS). Unlike conventional fabrication methods,
AM enables precise spatial control over geometry,
porosity, and drug distribution, resulting in
improved drug stability, release kinetics, and
therapeutic targeting [18]. Both 3D and 4D
printing are now being explored for translational
applications in drug delivery and regenerative

medicine.

4.1 Three-Dimensional (3D) Printing in Drug
Delivery

3D printing enables the fabrication of drug-loaded
scaffolds, implants, prosthetics, and oral dosage
forms with tailored drug-release profiles . By
layering bioinks and polymers, drugs can be
incorporated at specific achieving
spatially controlled delivery.

regions,
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Figure 3: Three-Dimensional (3D) Printing in Drug Delivery

Example in oral drug delivery: The FDA-
approved Spritam® (levetiracetam), produced
using ZipDose® 3D printing technology,
demonstrated the clinical feasibility of rapid-
dissolving tablets for epilepsy treatment [21].

Example in tissue engineering: Drug-eluting 3D-
printed scaffolds have been applied in bone
regeneration, releasing antibiotics or growth
factors in situ to prevent infection and accelerate
healing [21].

4.2 Four-Dimensional
Responsive Platforms

4D) Printing:

triggers such as pH, light, temperature, or
magnetic fields [22]. This adds a dynamic element
to implants and DDS.

Shape-memory polymers: Used for minimally
invasive implants that expand at body temperature,
ensuring site-specific functionality [22].

Hydrogels: pH-responsive hydrogels have been
applied in tumor microenvironments, where they
swell and release drugs in response to acidic
conditions [23]. These systems allow on-demand
and adaptive drug release, moving closer to real-
time personalized medicine. As shown in Table 5,
3D and 4D printing enable patient-specific and

Building on 3D printing, 4D printing incorporates adaptive drug delivery platforms, offering
smart biomaterials that can undergo predictable oy hanced precision and customization.
transformations when exposed to physiological
Table 4: 3D and 4D Printing Applications in Drug Delivery
Ma.t er ial/ Stimuli Example DDS Chmcfﬂ Personalization Feature Refere
Bioink Potential nce
Implantable .
PLA, None 3D-printed drug- device, gﬁ;?m ggs éznén 21]
PLGA loaded scaffold localized geometry
therapy patient anatomy
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Algma‘ge . 3D-printed nasal Nasal drug Adjusted drug load per
composite | Ionic . . . [21]
s inserts delivery patient nasal anatomy
PCL/PLA Custom orthopedic Bone Tailored implant size and
None . . . . [21]
blends implant regeneration porosity for patient
Gelatin | Temper . Tlssue; Adaptive response to
Dual-responsive engineering, . )
methacryl | ature + . patient-specific [22]
scaffold localized . :
ate pH microenvironment
therapy
Smart o 4D-printed shape- | Dynamic drug Adjusts release to [22-23]
hydrogels P memory hydrogel release patient-specific tissue pH
Smart Temper | Thermo-responsive Cancer Releases drugs m
hydrogels ature hydrogel implant therapy,' response to local tissue [23]
Y wound healing temperature
Polyuretha | Temper 4D-printed adaptive Oncology, Patient-specific
ne ature + DDS local drug controlled thera [23]
hydrogels light release Py
PEG- Lichi-responsive Controlled On-demand activation
based Light & im lgnt localized personalized to patient [23]
hydrogels P therapy schedule
ﬁti:(l)li{n- o+ Personalized release
p Smart implant Wound healing | kinetics based on patient- | [25]
based enzyme .
. specific enzymes
bioink
Biopolym | Enzym . Personalized enzymatic
er e- 4D hydrogel for Regenerative .
. . . .. degradation-based [25]
composite | triggere wound healing medicine
s q release
Despite rapid progress, several challenges limit  applications of AM in drug delivery and

widespread clinical translation of AM-based
DDS:

Scalability and reproducibility: High production
costs and variability in mechanical strength remain
barriers to large-scale use.

Biocompatibility and safety: Long-term effects
of bioinks and synthetic polymers require

systematic evaluation [24].

Regulatory hurdles: Few AM-based systems
have reached FDA or EMA approval stages due to
limited validation standards.

The development of biomimetic materials and
advanced bioinks is expected to expand clinical

M tr o
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regenerative medicine [25].
Future research is focusing on:

Hybrid constructs combining 3D-printed scaffolds
with 4D smart materials for dynamic, patient-
tailored therapy. Integration with Al and
biosensors, enabling feedback-driven adaptive
implants. Such advances will position AM
technologies as key enablers
therapeutics in the coming decade.

of precision

5. Nanotechnology-Enabled Platforms

Nanotechnology has revolutionized modern
therapeutics by enabling precise molecular-scale
targeting, improved solubility of poorly water-
soluble drugs, and controlled release kinetics. By
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manipulating carriers at the nanoscale, researchers
can achieve site-specific delivery, reduced
systemic toxicity, and multifunctional therapeutic
outcomes. Nanocarriers today encompass a broad
spectrum, including liposomes, polymeric
nanoparticles, dendrimers, metallic nanosystems,

and hybrid nanostructures, each offering unique
physicochemical properties tailored for specific
therapeutic applications [26] as depicted in figure-
4.

Nanocarrier Types and Applications

/' e e N 7
/
£ o : \\ /
\ | .
\\ ” / A
) /,/ X
Liposome Polymeric Dendrimer Metallic NP Nanogel
\ 4 "o v 4

a vj_ e ~ Cancer . Gene p “Theranos  Theranos

A accmesr_r S _therapy ~ ' therapy EHUCEES “EEtics ey
Figure-4: Nanocarrier types and applications

5.1 Lipid-Based Nanocarriers Example in infectious diseases: PLGA

Liposomes and lipid nanoparticles (LNPs) remain
among the most clinically successful nanocarriers
due to their biocompatibility, ability to encapsulate

both hydrophilic and hydrophobic drugs, and
modifiable surface properties.
[26].

5.2 Polymeric Nanoparticles and Dendrimers

Polymeric nanocarriers such as poly (lactic-co-
glycolic acid) (PLGA) nanoparticles provide
controlled release and biodegradability, while
dendrimers, with their highly branched
architecture, enable multivalent drug conjugation
and surface functionalization [27,28].

Example in oncology: Dendrimer-based
platforms have been evaluated for siRNA delivery,
enhancing gene silencing efficiency while

minimizing off-target toxicity [28].
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nanoparticles loaded with antimicrobial peptides
are being tested to overcome antibiotic resistance,
prolonging drug circulation and improving

intracellular penetration [27].
5.3 Metallic and Hybrid Nanocarriers

Metallic nano  systems, including gold
nanoparticles, iron oxide nanoparticles, and
quantum dots, offer unique optical, magnetic, and
electronic properties that enable theranostic
applications [28].

Imaging example: Magnetic nanoparticles are

used as MRI contrast agents, allowing
simultaneous imaging and drug delivery.
Photothermal  therapy  example:  Gold

nanoparticles can be externally activated by near-
infrared light, producing localized hyperthermia to
destroy cancer cells while co-delivering
chemotherapy agents [28].
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5.4 Nanogels as Drug Delivery Platforms

Nanogels are hydrophilic, crosslinked polymeric
nanoparticles—have emerged as highly versatile
carriers in personalized medicine. Their soft,
water-rich structure and tunable size allow
efficient encapsulation of small molecules,
biologics, and nucleic acids, while maintaining
excellent biocompatibility and controlled release
profiles [33-34].
nanogels particularly suitable for patient-specific
therapies, where drug dose, release kinetics, and
targeting can be customized based on individual
disease pathology [33,35].

Recent advancements have focused on stimuli-

These characteristics make

responsive nanogels, which undergo structural or
conformational changes in response to pH,
temperature, redox potential, or enzymatic
activity. This responsiveness enables selective
drug release within the disease microenvironment,
such as acidic tumor tissues, inflamed sites, or
intracellular compartments, thereby reducing
systemic toxicity [34]. Functionalization with
ligands, antibodies, or aptamers further allows
active targeting of diseased cells, enhancing

therapeutic efficacy [33,35].
Nanogels offer a highly adaptable platform for
translational  applications, including cancer

therapy, infectious disease management, and
autoimmune or inflammatory conditions [33-34].
Preclinical studies have demonstrated that nanogel
carriers can improve bioavailability, prolong
circulation, and deliver combination therapies in a
site-specific manner. For instance, doxorubicin-
loaded, pH-sensitive nanogels have shown
enhanced tumor accumulation and reduced off-

target cardiotoxicity in murine models [34].
Despite their promise, clinical translation of
nanogels faces challenges such as large-scale
reproducible manufacturing, regulatory approval,
and long-term safety evaluation [33,35]. Advances
in  polymer chemistry, scalable fabrication
techniques, and robust quality control are expected
to facilitate the development of nanogels as
clinically translatable, patient-tailored drug
delivery Future directions include
integration with imaging-guided delivery, hybrid
smart materials, and multi-drug loading strategies
to achieve precision, safety, and personalized

systems.

therapeutic outcomes [34,35].

Despite the transformative potential of
nanotechnology, several barriers persist:

Safety and immunogenicity: Long-term effects of
inorganic nanoparticles and accumulation in non-
target tissues remain uncertain [30].

Manufacturing and scale-up: Reproducibility,
stability, and regulatory compliance remain major
hurdles for translating lab-scale nanocarriers into
clinically approved therapies.
Case in point: Although liposomal formulations
(e.g., Doxil® for doxorubicin delivery) and LNP-
based mRNA vaccines have been clinically
successful, many experimental platforms fail
during scale-up due to batch variability and cost-
intensive processes [31]. Continuous innovations
in surface modification, hybrid nanosystems, and
Al-guided nanomedicine design are expected to
accelerate clinical translation in oncology,
infectious diseases, and regenerative medicine.

Table 5: Nanocarrier Platforms, Applications, and Personalization Potential

Carrier . . Clinical Personalization
Type Drug / Biologic Advantages Status Potential Reference
. mRNA vaccines, Biocompatible, FDA- Targeted mRNA
Liposomes hemotherapeuti controlled approved deli for [26]
chemotherapeutics release (COVID- elivery fo
\‘ZT;;;'Q\',\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES 1526 |Page
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19 patient-specific
vaccines) antigens
Polymeric siRNA, small Stimuli- FDA- Patient-specific
responsive, approved ligand targeting, [27]
NP molecules : .. .
modifiable (Inclisiran) dosing
Chemothera High loading, Preclinical Customizable
Dendrimers agents by surface / Early- surface for patient [28]
& functionalization | phase trials | tumor biomarkers
. . Patient-specific
Metallic Imaglng & drug Theranostics Preclinical | imaging-guided [29]
NP delivery
therapy
L . High payload, Multi-stimuli
Biologics, nucleic S . design for tumor
Nanogels . stimuli- Preclinical . . [32]
acids . microenvironment
responsive o
personalization
6.Emerging Therapeutic Approaches in editing, cell therapies, immunotherapies,
Disease-Specific and Combination Approaches  personalized vaccines, and digital health
interventions.

6.1 Integration of Omics and Precision

Diagnostics

The integration of genomics, transcriptomics,
proteomics, and metabolomics into clinical
workflows is facilitating more precise treatment
design. By combining multi-omics data with
advanced bioinformatics, clinicians can identify
disease subtypes, predict therapeutic response, and
adjust dosing regimens on an individual basis.
Despite these advances, challenges such as safety,

toxicity management, and optimized dosing

continue to impede widespread clinical
implementation [36]. Moreover, the high cost of
omics-guided therapy and the need for

standardized protocols remain practical hurdles for
broader adoption. The therapeutic landscape is
expanding rapidly with innovations in gene

/—af.g;\

et
oF
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6.2. Gene Editing Therapies

In December 2023, the FDA approved Casgevy™
(exagamglogene autotemcel), a pioneering
CRISPR-Cas9 cell-based therapy, for patients
aged 12 and older with sickle cell disease and
vaso-occlusive crises—marking the first clinical
use of CRISPR in medicine [37]. Additional
CRISPR-based treatments are currently under
clinical investigation for conditions such as
inherited retinal disorders, Duchenne muscular
dystrophy, and various cancers, reflecting the
precision and personalization potential of these
genome-editing strategies.
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6.3 Cell-Based Immunotherapies

CAR-T and TCR-engineered therapies maintain
high efficacy in hematologic cancers. Recent
advances are focusing on dual-targeted CAR-T
constructs capable of reducing antigen escape and
expanding applicability to solid
Preliminary clinical data, including dual-target

tumors.

CAR-T in glioblastoma, demonstrate early signs
of tumor regression and improved persistence,
although  challenges  with  the  tumor
microenvironment and solid tumor penetration
remain [38].

6.4 Personalized Vaccines and mRNA
Therapeutics
Personalized neoantigen mRNA  vaccines

administered alongside checkpoint inhibitors have
delivered promising outcomes. A Phase IIb trial
combining mRNA-4157 with pembrolizumab in
resected high-risk melanoma reduced recurrence
risk by approximately 44% compared to
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immunotherapy alone, highlighting the role of
individualized vaccine design
antitumor immunity [39].

in enhancing

6.5 Psychedelic-Assisted and Digital
Therapeutics
Emerging treatments for neuropsychiatric

illnesses include psilocybin-assisted
psychotherapy, which has shown significant
antidepressant  effects in individuals with
treatment-resistant depression in recent trials [40].
Concurrently, digital therapeutics—software-
driven, evidence-based interventions—are
increasingly being deployed to treat chronic
conditions such as type 2 diabetes, chronic pain,
and mental health disorders, offering scalable,
personalized care options [41]. These emerging
technologies—ranging from CRISPR and cell
therapies to individualized vaccines and digital
interventions—underscore the evolving landscape
toward truly patient-centric medicine. However,

challenges in scaling production, standardizing
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regulatory pathways, and ensuring long-term
safety continue to influence their translational
trajectory. Recent breakthroughs illustrate the
transformative potential of precision drug delivery
in diverse disease contexts. A timeline of landmark

therapies highlights how nanomedicine, gene
editing, and mRNA technologies are advancing
from concept to clinical practice. some are listed
in table 7.

Table 6: Landmark Advances in Precision and Combination Drug Delivery Approaches

Year | Technology / Product | Therapeutic Key Features Regulatory Status / | Referen
Area Clinical Phase ce
COVID-19
2020 mRNA-1273 LNP-delivered EUA 2020; Full [42]
(Moderna COVID-19 mRNA vaccine approval 2022
vaccine, LNP-based)
COVID-19
2020 BNT162b2 (Pfizer Ionizable LNP EUA 2020; Full [43]
BioNTech vaccine) mRNA vaccine approval 2021
Hyper
2021 Inclisiran (Leqvio®) | cholesterolemi GalNAc- FDA approved 2021 [44]
a conjugated
siRNA
AML
2022 VYXEOS® Liposomal co- | FDA/EMA approved [45]
(liposomaldaunorubici delivery
n/cytarabine) chemotherapy
Sickle cell,
2023 Casgevy™ B-thalassemia | First CRISPR FDA & EMA [46]
(CRISPR-Cas9 gene-editing approved Dec 2023
therapy) drug
Lymphoma
2023 Obecabtagene Personalized FDA approved 2023 [47]
autoleucel (CAR-T) CAR-T therapy
Melanoma,
2024 Personalized mRNA Pancreatic Neoantigen- Phase II/I1I trials [48]
cancer vaccines cancer based mRNA ongoing
platforms
MRSA
2025 | Inhalable algae-based pneumonia Biohybrid NP Preclinical murine [49]
microrobots (preclinical) microrobots proof—of—concept

7. Mobile Microrobots for Active Drug Delivery

Recent advances in micro- and nanorobotics have
established  mobile  microrobots as a
transformative approach for precision and patient-
specific drug delivery. These devices actively
navigate complex biological environments,
overcoming obstacles such as dense extracellular
matrices, vascular flow, and tissue heterogeneity.
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Propulsion mechanisms include magnetic fields,
ultrasound, chemical gradients, or biohybrid
actuation, enabling controlled transport of
therapeutic payloads to specific disease sites [50-
51]. By tailoring microrobot size, shape, and
propulsion method to the patient's anatomy and
disease microenvironment, personalized
therapeutic strategies can be realized, enhancing
efficacy while minimizing off-target toxicity.

1529 |Page



Usha Rani Peddaboina, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 9, 1516-1535 | Review

7.1 Biohybrid Microrobots

Biohybrid microrobots combine living cells or
microorganisms with synthetic components,
integrating natural motility with engineered
functionality. Bacteria-driven microrobots, for
example, can selectively migrate toward hypoxic
tumor regions, carrying chemotherapeutic agents
or gene-editing tools. Similarly, cell-derived
microrobots using red blood cells or platelets
exhibit immune evasion and prolonged circulation,
making them highly suitable for tumor therapy,
targeted gene delivery, and
applications  [52]. These
personalized modulation of drug load and release
kinetics according to patient-specific tumor
biology or regenerative requirements, supporting
translational medicine approaches.

regenerative

systems  allow

7.2. Targeting Strategies and Therapeutic
Applications

Microrobots employ active and passive targeting
strategies to improve drug localization. Functional
coatings and stimuli-responsive materials enable
cargo release in response to pH, enzymes, or local
temperature, allowing site-specific and adaptive
therapy. Preclinical studies have demonstrated
enhanced therapeutic efficacy and reduced
systemic toxicity relative to conventional delivery.
For instance, tumor-targeted microrobots carrying
chemotherapeutics have shown higher local drug
concentrations and better tumor regression in
murine models. Integration with imaging
modalities such as MRI, ultrasound, or
fluorescence-guided navigation further enables
patient-specific =~ monitoring and feedback,
ensuring safe and accurate delivery. Despite their
promise, microrobots face hurdles including
scalable manufacturing, interactions,
precise non-invasive tracking, and long-term

immune

biosafety. Translation into clinical practice
requires optimization of navigation control,
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payload capacity, and biocompatible materials.
Continued  development  of
navigation, hybrid smart materials, and real-time
imaging integration is expected to bridge
preclinical findings with patient-specific therapies,
enabling precise, adaptable, clinically
translatable micro robotic drug delivery [53-54].

autonomous

and

Example- Inhalable Biohybrid Microrobots for
Pulmonary Therapy

A promising innovation in pulmonary medicine is
inhalable biohybrid microrobots, often algae-
based, capable of penetrating deep lung regions
post-aerosolization. These microrobots retain
motility, evade immune clearance, and allow
prolonged retention in alveoli, offering patient-
specific therapeutic advantages such as adjustable
dosing and site-targeted drug release [55-57]. In
murine models of bacterial pneumonia, inhalable
microrobots carrying vancomycin nanoparticles
achieved over 10,000-fold reduction in bacterial
load and complete outperforming
conventional intravenous therapy [58-59]. Such
systems could be personalized based on lung
morphology, disease severity, and pathogen
profile, enabling precision respiratory medicine
for conditions including asthma, COPD,
tuberculosis, and infections  [60].
Translational Considerations and Challenges in
translation include optimization of nebulization
devices, large-scale production, reproducibility,

survival,

viral

and thorough safety evaluation in human subjects
[61]. Incorporating real-time imaging, patient-
specific dosing strategies, and biocompatible
payload design will be essential for clinical
adoption. If successfully translated, inhalable
biohybrid microrobots  could
pulmonary therapeutics by providing targeted,
adaptable, and patient-tailored interventions.[62-
63]

revolutionize

8. Translational Barriers and Future Roadmap
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While laboratory innovations in drug delivery
systems (DDS) are progressing rapidly, clinical
translation faces significant barriers. Addressing
these challenges is essential for the successful
implementation of advanced therapies [64-65].

8.1 Regulatory Frameworks

Current regulatory guidelines often lag behind
novel platforms like nanomedicine, microrobotics,
and Al-driven DDS. The emergency authorization
of mRNA vaccines during COVID-19
demonstrated  flexibility, but  harmonized
international standards are urgently needed to
ensure the safety and efficacy of these advanced
therapies. Recent reviews emphasize adaptive,
internationally aligned frameworks [64,66].

8.2 Manufacturing and Scalability

Good Manufacturing Practice (GMP) production
of complex nanocarriers remains challenging due
to reproducibility, batch variability, and high
costs. Continuous microfluidics, modular GMP
approaches, and advanced biomanufacturing

platforms have been proposed to enable large-
scale, cost-effective production [65].

8.3 Safety and Long-Term Biocompatibility

Concerns such as immunogenicity, long-term
toxicity, and off-target accumulation remain major
hurdles. Organ-on-chip and advanced in vitro
models are increasingly being used to predict
human responses, providing better insights into
nanomaterial-tissue interactions and potential
toxicological risks [67].

8.4 Ethical and Accessibility Concerns

High costs risk widening healthcare disparities,
especially in low-resource settings. Al-driven
platforms also pose challenges related to data
privacy, transparency, and accountability. Ethical
frameworks and patient-centric designs are needed
to ensure equitable access
adoption [68-69]. To contextualize real-world
adoption, Table 3 the major
translational challenges, representative examples,
and proposed solutions.

and responsible

summarizes

Table 7: Challenges and proposed solutions in next-generation drug delivery systems.

Challenge Example/Context Proposed Solutions References
Formulation stability Cold chain for Thermostable lipids, lyophilized [64]
mRNA vaccines forms
GMP manufacturing | Complex nanocarrier Modular GMP, microfluidic [65]
scale-up production platforms
Toxicity & immune Particle clearance PEG alternatives, biomimetic [66-67]
response issues coatings
Regulatory New tech lack Adaptive international frameworks [64,66]
uncertainty guidelines
Patient adherence Wearable/device use User-friendly design, patient [67]
education
High cost & poor CAR-T & gene Streamlining production, insurance [68]
access editing costs models
Data ethics in Al Patient data risks Blockchain, Al explainability [69]
\‘\71:; i:\',\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENGES 1531 |Page



Usha Rani Peddaboina, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 9, 1516-1535 | Review

Future roadmap (2025-2030):

<> Harmonized international regulatory
guidelines for nanomedicine and Al-based
DDS.

< Development of scalable, cost-effective

manufacturing technologies.

< Integration of real-world data and Al analytics
to personalize regimens.

<> Inclusion of patient-centered outcomes in
DDS evaluation.

< Strengthened global collaborations to improve
access in resource-limited regions.

<> Together, these steps will ensure that next-
generation DDS move from innovation to
patient benefit.

CONCLUSION
PERSPECTIVES

AND FUTURE

Next-generation drug delivery systems are moving
beyond experimental concepts to clinically
relevant solutions across oncology, infectious
diseases, genetic disorders, and chronic illnesses.
Stimuli-responsive  nanocarriers,  biopolymer
matrices, Al-assisted models, nanogels, and
microrobotics demonstrate how personalization
can be embedded directly into therapeutic design.
Yet, fewer than 15% of advanced DDS currently

progress beyond early trials, underscoring the

urgent need for scalable manufacturing,
harmonized regulation, and predictive safety
testing. By 2030, the convergence of

nanotechnology, digital health, and advanced
biomaterials is expected to deliver adaptive,
intelligent ecosystems capable of real-time
personalization. The next critical step lies in
translating these personalized platforms into
everyday clinical practice, ensuring accessibility,

%:fz:\',\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES
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safety, and patient-centered outcomes. If achieved,
drug delivery will evolve from passive carriers to
dynamic systems, redefining the very foundation
of precision medicine.
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