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Nanodrug delivery systems have become an important and rapidly developing area of
research because they can improve the delivery, stability, and safety of therapeutic agents.
Conventional drug delivery methods often have several limitations, such as poor drug
solubility, low bioavailability, rapid degradation, non-specific distribution, and undesirable side
effects. To address these problems, different nanocarriers, including lipid-based, polymeric,
protein-based, and inorganic systems, have been developed. These systems can enhance
drug accumulation at disease sites, reduce systemic toxicity, and support controlled or
targeted drug release, making them attractive tools for more effective therapy.

However, the clinical translation of nanodrug delivery systems remains uneven. While
some nanoformulations have successfully entered clinical practice, many promising
nanosystems still face important challenges that prevent their widespread medical application.
These challenges include the complexity of biological environments, limited targeting
efficiency in vivo, difficulties in large-scale and reproducible production, safety concerns, and
regulatory uncertainties. As a result, the gap between laboratory success and clinical
performance remains a major issue in this field.

This review focuses on that central contrast: nanocarriers offer clear pharmacological
advantages, but these benefits do not always translate into reliable clinical outcomes. The
paper compares the main advantages of nanodrug carriers with the key barriers limiting their
clinical use. It also discusses passive and active targeting, stimuli-responsive release, protein
corona formation, and the current translational landscape. In this way, the review aims to
provide a balanced understanding of why nanodrug delivery systems are so promising, while
also highlighting why their path to the clinic remains challenging.

Keywords: nanodrug delivery, nanomedicine, passive targeting, active targeting, stimuli-
responsive release, polymeric nanoparticles

INTRODUCTION

Nanotechnology has changed the way researchers think about drug delivery. In
conventional formulations, the active drug is usually the main focus. In nanodrug delivery, the
carrier itself also becomes part of the therapeutic design [1, 2]. By adjusting particle size,
surface chemistry, charge, and composition, researchers can influence how a drug circulates,
where it accumulates, and how it is released [1, 4]. This is especially important in cancer
therapy, where free drugs often show poor selectivity and significant toxicity to healthy tissues
[2, 3, 12]. In addition, nanocarriers can be engineered to protect fragile therapeutic molecules,
improve pharmacokinetic behavior, and create delivery systems with functions that are difficult
to achieve through conventional formulations alone [1, 5]. Because of these features,
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nanotechnology is now regarded not only as a formulation strategy, but also as a broader
platform for improving therapeutic performance in modern medicine [12].

For this reason, nanocarriers are often presented as tools for improving the therapeutic
index of existing drugs. They may enhance solubility, prolong circulation time, protect unstable
compounds, and support controlled or site-preferential release [3, 17, 18]. They can also be
adapted for a wide range of therapeutic agents, including small molecules, nucleic acids,
proteins, and imaging components, which further increases their biomedical relevance [7, 19].
At the same time, the field has moved beyond simple optimism. Recent reviews emphasize
that strong preclinical results do not always lead to strong clinical outcomes [12, 15, 16].
Biological complexity, tumor heterogeneity, manufacturing constraints, and regulatory
challenges continue to limit successful translation from laboratory design to approved medical
products [3, 10, 17].

Why nanoscale delivery matters

The main advantage of nanoscale delivery is not simply “small size.” Rather, it is the
ability to control how a therapeutic agent behaves in a biological system. Nanocarriers can
reduce premature drug degradation, improve the solubility of poorly water-soluble molecules,
and modify biodistribution after administration [1, 2, 17]. In many cases, they also allow higher
local drug concentration at the target site than free-drug administration can achieve [3, 12].

Another major advantage is formulation flexibility. Nanocarriers can be designed to carry
hydrophobic drugs, hydrophilic drugs, nucleic acids, imaging agents, or combinations of these
[2, 7, 19]. This makes them useful not only in therapy, but also in diagnostics and theranostics
[8, 9, 20]. In oncology, this flexibility has supported the development of systems that combine
delivery, imaging, and controlled release in one platform [2, 9, 20].

However, these advantages must be stated carefully. A nanocarrier does not
automatically become clinically effective just because it performs well in vitro. Biological
barriers, immune recognition, tumor heterogeneity, and manufacturing limits can all reduce
real-world performance. This is why current literature increasingly evaluates nanomedicine
not only in terms of design sophistication, but also in terms of reproducibility and clinical
relevance [4, 12, 15, 16].

Major classes of nanodrug delivery systems

Among the available systems, lipid-based nanoparticles are the most established in
clinical practice (Figure 1). This group includes liposomes, solid lipid nanoparticles,
nanoemulsions, and lipid nanoparticles for nucleic acid delivery. Their main advantages are
biocompatibility, biodegradability, relative ease of formulation, and the ability to encapsulate a
wide range of therapeutic agents. These properties explain why lipid-based platforms occupy
an important place in translational nanomedicine[7, 11, 19].
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Figure 1. Condensed Overview of Nanoparticle Systems
Still, lipid-based systems should not be discussed only in positive terms. They can also show
limited physical stability, drug leakage during storage, rapid clearance in some cases, and
formulation sensitivity to composition changes. In biological fluids, their surface may also be
altered by adsorbed proteins, which can change targeting behavior and circulation properties
[7, 11, 13]. Therefore, their clinical success does not mean they are free of design and
translation problems.

Polymeric nanoparticles represent another major class. They are attractive because they
offer strong control over size, degradation rate, surface properties, and release behavior. Both
natural polymers, such as chitosan, and synthetic polymers, such as PLGA and PLA, have
been widely studied. Polymeric nanoparticles can be prepared as nanospheres,
nanocapsules, or micellar systems. This versatility makes them useful for sustained release
and targeted delivery [6].

Atthe same time, polymeric systems also have limitations. Their preparation may involve
complex fabrication steps, scale-up challenges, and batch-to-batch variability. In addition, a
formulation that performs well at laboratory scale may not behave the same way after
sterilization, storage, or industrial production [6, 15, 16]. This is one reason why the
translational path of polymeric nanocarriers remains slower than the pace of academic
publication suggests.

Inorganic nanoparticles, such as iron oxide, gold, and silica-based systems, add another
dimension to nanomedicine. Their value often lies in magnetic, optical, or imaging-related
properties that are not available in many soft-matter carriers. Because of this, they are
especially attractive for theranostic use and externally triggered treatment [8, 20]. However,
concerns about long-term fate, biodegradation, and safety evaluation remain stronger for
many inorganic systems than for lipid-based platforms [8, 15, 16].

Passive and active targeting: promise and limitation

Targeting is one of the most discussed concepts in nanodrug delivery. Passive targeting
is usually linked to the enhanced permeability and retention effect, or EPR effect (Figure 2).
In simple terms, nanoparticles may accumulate more easily in tumor tissue because tumor
vasculature is often more permeable and lymphatic drainage is less efficient [4, 12]. This idea
has shaped nanomedicine research for many years.

BIOLOGICAL BARRIERS & TARGETING STRATEGIES IN NANOMEDICINE
Passive Targeting Active Targeting Stimuli-Responsive  Protein Corona
(EPR Effect) _ (Ligands) (Smart Nanocarriers)  (Biological Identity)
L o & 7 4 X s & oL s
= 3 L = < ) -
P 0 L e @2 ¢
£ === === AT YIer o
3 Enhanced Permeability & y - > :
Retention (EPR) Effect ¥! Ligand-Receptor Recognition 5 Controlled Release &9 New Outer Layer )
Preclinical Research Focus 1! Improve Specificity 4 Internal & External Triggers ¥ Altered in Biological Fluids 7/
= _ KeyFindings (v): Key Findings (v): Key Findings (v): Key Findings (v):
2 « Tumor Vasculature More o « Surface Modified with Ligands O « Built to Respond to Intemal (pH,  * Proteins Adsorb Onto
= Permeable I (Antibodies, Peptides, Folate, redox state, enzymes) and Nanoparticle Surface and
= « Inefficient Lymphatic Drainage ! etc.) 49 External (heat, light, ultrasound, Form a New Outer Layer
g « Enhanced Binding & Cellular magnetic fields) Triggers 141 9 g!ves thelNanot?a'};f eaNew
£ Limitations (X): Uptake After Reaching Tissue ! * Reduces Premalure Release and Biological Identity ‘
2 ) EPREffect Much Less Consistent Limitations (X): Increases Release at Desired Site © | imitations (X?:
z0 in Human Tumors 1 " Limitati x): « Corona Can Change Circulation
3 ; + Does Not Remove Earlier imitations (): Time, Immune Recognition,
= - nggf" Z‘:]'::J: ?gmﬂgzw Biological Barriers I ) + Actual Benefit Depends on ?io?iglri on, Ceec!?%plake, and
g Stroma ??n?“ Y. Interstitial . ;Jlus_td érlsl Curcul?‘tle and Avoid "gngg:é St_r;yllgth, Svpeulf:lcny, and | h:;ycv'fl]e aken Intended Targeting
i essie) « Cincally Aoproved Nanomedicines _  Clvical Applicabiiy Depends on SItey by Mesking Sitece
B s Doty St RelyMainly on Improved Practicl ConirolOver Bologcal {25 0y o it
Patients 4 A " Predict Clinical Performance )

Figure 2. Biological Barriers & Targeting Strategies in Nanomedicine

However, more recent reviews make an important point: the EPR effect is much more
consistent in animal models than in human tumors [4, 12, 16]. Human tumors are highly
heterogeneous. Differences in blood flow, stromal density, extracellular matrix, and interstitial
pressure can strongly affect nanoparticle accumulation [4, 9, 16]. As a result, passive targeting
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alone often does not guarantee deep and uniform drug delivery in patients.

To improve specificity, researchers have developed active targeting strategies. In these
systems, the nanoparticle surface is modified with ligands such as antibodies, peptides, folate,
or other molecules that can recognize target cells [4, 9]. This can enhance binding and cellular
uptake after the nanoparticle reaches the relevant tissue. Still, active targeting should not be
described as a complete solution. The carrier must first circulate, avoid rapid clearance, and
reach the target region. Only then can ligand-receptor recognition play its role.

This point is important for a balanced review. Active targeting is valuable, but it does not
remove the earlier biological barriers. That is why clinically approved nanomedicines still rely
mainly on improved pharmacokinetics and formulation behavior rather than highly complex
targeting mechanisms [3, 10, 15, 16].

Stimuli-responsive and smart nanocarriers

After targeting, the next important design feature is controlled release. Many modern
systems are built to respond to internal or external stimuli. Internal triggers include pH, redox
state, enzymes, and other biochemical differences between healthy and diseased tissues.
External triggers may include heat, light, ultrasound, or magnetic fields [5, 9]. The goal is to
reduce premature release during circulation and increase release at the desired site.

These smart systems are especially interesting in cancer therapy, where the tumor
microenvironment can differ from normal tissue in acidity, oxidative state, and enzyme profile.
Stimuli-responsive nanoparticles can therefore improve local release behavior. However, the
actual benefit depends on whether the trigger is strong enough, specific enough, and
reproducible enough in vivo [5, 9]. In other words, smart design remains promising, but clinical
applicability still depends on practical control over the biological environment (Figure 2).

Protein corona

An important issue in nanomedicine is the formation of the protein corona. When
nanoparticles enter blood or other biological fluids, proteins adsorb onto their surface and form
a new outer layer. This means that the particle seen by the body is not exactly the same
particle that was designed in the laboratory. In practice, the protein corona gives the
nanoparticle a new biological identity (Figure 2) [13, 14].

This is important because the corona can change circulation time, immune recognition,
biodistribution, cell uptake, and toxicity. It may also weaken an intended targeting strategy by
masking surface ligands or altering surface charge [13, 14]. For this reason, the difference
between planned nanoparticle design and real in vivo behavior is often partly a protein-corona
problem. This concept helps explain why laboratory performance may not fully predict clinical
performance.

Theranostics and multifunctionality

Another important advantage of nanotechnology is its use in theranostics. This term
refers to the combination of therapy and diagnosis in one nanosystem. A nanocarrier can be
designed not only to deliver a drug, but also to help visualize where the system accumulates
or how it behaves in the body. This is especially relevant in cancer research, where imaging
and treatment often need to work together. Inorganic nanoparticles are frequently discussed
in this context because some of them have magnetic, optical, or contrast-related properties
that support imaging applications. However, theranostic systems are usually more complex
than conventional drug carriers. Their translation to the clinic can therefore be more difficult
because complexity increases the demands for safety testing, reproducibility, and regulatory
evaluation [8, 9, 20].
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Clinical research stages and the translational gap

The clinical development of nanomedicine has clearly progressed, but the number of
clinically successful systems is still limited compared with the amount of preclinical research
(Figure 3). A 2023 analysis of ClinicalTrials.gov identified 486 nanoparticle-related clinical
trials from 2002 to 2021, with liposomes and protein-based formulations as the dominant
groups [10]. This already shows that translation is real, but also selective.
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Figure 3. Clinical Development Stages and The Translational Gap

One major lesson from the literature is that simpler systems often translate better than
more complex ones. Formulations with known materials, scalable manufacturing, and clearer
safety profiles have a better chance of reaching approval. By contrast, highly multifunctional
or heavily engineered systems may face difficulties in large-scale production, storage stability,
toxicity evaluation, and regulatory assessment [15, 16, 17, 18].

Another difficulty is that preclinical models do not always reflect human disease
accurately. Tumor models in animals may overestimate accumulation or treatment response.
As a result, a nanoparticle can appear highly effective in preclinical studies but show weaker
benefit in patients. This is why current translational research increasingly emphasizes realistic
disease models, careful characterization, and clinically meaningful endpoints rather than only
novel carrier design [4,12, 16].

EXPERIMENTAL

Nanodrug delivery systems can be prepared through different synthesis and processing
methods depending on the type of carrier, the physicochemical properties of the drug, and the
intended therapeutic application. The main preparation approaches include lipid film hydration,
solventinjection, emulsification, nanoprecipitation, ionic gelation, coacervation, self-assembly,
co-precipitation, sol-gel processing, and microfluidic techniques. In most cases, the
experimental design aims to control particle size, surface charge, morphology, drug-loading
efficiency, release behavior, and colloidal stability.

Lipid-based nanoparticles are commonly prepared by thin-film hydration, ethanol
injection, reverse-phase evaporation, high-pressure homogenization, microemulsion
methods, and microfluidic mixing. In the thin-film hydration method, lipids are first dissolved in
an organic solvent. The solvent is then evaporated to form a thin lipid film on the wall of the
flask. This dry film is hydrated with an aqueous phase, allowing vesicles to form. The resulting
liposomes are usually reduced in size by sonication, extrusion, or homogenization. This
method is widely used for liposomal drug delivery systems because it allows incorporation of
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both hydrophilic and hydrophobic drugs, depending on the structure of the liposome [7, 11].

Ethanol injection is another simple method for lipid-based carrier preparation. In this
approach, lipids are dissolved in ethanol and then injected into an aqueous phase under
stirring. When the lipid solution contacts water, lipid molecules self-assemble into nanosized
vesicles or lipid particles. This method is relatively simple, but the final particle size and
distribution can be affected by the injection rate, lipid concentration, temperature, and mixing
intensity. For more advanced lipid nanoparticles, especially nucleic acid delivery systems,
microfluidic mixing is commonly used. In microfluidic preparation, the lipid phase and aqueous
phase are rapidly mixed in small channels, which supports better control of particle size,
polydispersity, and reproducibility [19].

Solid lipid nanoparticles and nanostructured lipid carriers are often prepared by high-
pressure homogenization, hot homogenization, cold homogenization, or ultrasonication. In hot
homogenization, the lipid phase is melted above its melting point and mixed with the drug.
This lipid-drug mixture is then dispersed in an aqueous surfactant solution and homogenized
to form nanoparticles. In cold homogenization, the drug-loaded lipid melt is first cooled and
solidified, then ground and dispersed under high pressure. These methods are useful for
producing lipid particles with controlled size and improved drug stability, although
temperature-sensitive drugs may require careful processing conditions [7].

Polymeric nanoparticles are commonly prepared by nanoprecipitation, emulsion solvent
evaporation, solvent diffusion, dialysis, ionic gelation and self-assembly methods.
Nanoprecipitation is widely used for hydrophobic drugs and biodegradable polymers such as
PLGA and PLA. In this method, the polymer and drug are dissolved in a water-miscible organic
solvent such as acetone or acetonitrile. This organic phase is then added dropwise into an
aqueous phase containing a stabilizer. As the solvent diffuses into water, the polymer
precipitates and forms nanoparticles. The organic solvent is then removed by evaporation or
reduced pressure. Particle size can be controlled by polymer concentration, solvent type,
stirring rate, surfactant concentration, and the ratio between organic and aqueous phases [6].

The emulsion solvent evaporation method is also frequently used for polymeric
nanoparticles. In the single emulsion method, a polymer and hydrophobic drug are dissolved
in an organic solvent and emulsified into an aqueous phase containing a stabilizer. After
emulsification, the organic solvent is evaporated, leaving solid polymeric nanoparticles. For
hydrophilic drugs, proteins or nucleic acids, double emulsion methods are often preferred. In
a water-in-oil-in-water system, the aqueous drug solution is first emulsified into the polymer-
containing organic phase. This primary emulsion is then dispersed in a second aqueous
phase. After solvent removal, nanoparticles containing hydrophilic agents are formed.
However, double emulsion methods may cause drug leakage or denaturation of sensitive
biomolecules if the processing conditions are not optimized [6].

Natural polymer-based nanoparticles can also be produced by ionic gelation or
coacervation. Chitosan nanoparticles are commonly prepared by ionic gelation using
negatively charged crosslinking agents such as tripolyphosphate. In this method, positively
charged chitosan chains interact with anionic crosslinkers and form nanosized particles under
mild aqueous conditions. This approach is useful for sensitive drugs because it does not
require high temperature or harsh organic solvents. However, particle size and stability
depend strongly on polymer concentration, pH, molecular weight, degree of deacetylation, and
the polymer-to-crosslinker ratio [6].

Polymeric micelles are usually formed through self-assembly of amphiphilic block
copolymers in aqueous media. These copolymers contain both hydrophilic and hydrophobic
segments. In water, the hydrophobic segments form the inner core, while the hydrophilic
segments form the outer shell. Hydrophobic drugs can be loaded into the core by dialysis,
solvent evaporation or direct dissolution methods. Polymeric micelles are especially useful for
poorly water-soluble drugs, but their stability after dilution in the bloodstream remains an
important consideration [6, 17].

Protein-based nanoparticles may be prepared by desolvation, emulsification,
coacervation, or thermal gelation. Albumin is one of the most studied proteins for nanoparticle
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preparation because of its biocompatibility and ability to bind various drugs. In the desolvation
method, a desolvating agent such as ethanol is slowly added to an aqueous protein solution
under stirring. This reduces protein solubility and leads to nanoparticle formation. Crosslinking
may then be used to stabilize the particles. Protein-based nanoparticles can also be prepared
through emulsification methods, where the protein phase is dispersed in an oil phase or
organic phase and then solidified. These systems are attractive for drug delivery because
proteins can provide natural biodegradability and functional groups for surface modification
[10, 21].

Inorganic nanoparticles are prepared through methods such as co-precipitation, sol-gel
synthesis, hydrothermal treatment, seed-mediated growth, thermal decomposition, and the
Stéber method. Iron oxide nanoparticles are often synthesized by co-precipitation of ferrous
and ferric salts in an alkaline medium. In this process, Fe?* and Fe®*" ions react with a base
such as ammonia or sodium hydroxide to form magnetite nanoparticles. The reaction
temperature, pH, stirring rate, salt ratio, and atmosphere can affect particle size, crystallinity,
and magnetic behavior. Surface coating with polymers, silica, citrate, dextran or other
stabilizers is usually required to improve colloidal stability and reduce aggregation in biological
media [8, 20].

Gold nanoparticles are commonly produced by chemical reduction methods. In a typical
synthesis, a gold salt such as chloroauric acid is reduced by agents such as citrate, sodium
borohydride, or ascorbic acid. Citrate can act as both reducing and stabilizing agent. The size
and shape of gold nanoparticles depend on the concentration of the gold precursor, reducing
agent, stabilizer, temperature, and reaction time. Seed-mediated growth can be used to
prepare anisotropic structures such as gold nanorods. These particles are valuable in
theranostic systems because of their optical properties, but their surface modification is
essential for drug loading and biological compatibility [8, 20].

Silica nanoparticles are often prepared by sol-gel processing, especially through the
Stober method. In this method, tetraethyl orthosilicate is hydrolyzed and condensed in an
alcohol-water-ammonia mixture to form silica particles. Mesoporous silica nanoparticles can
be prepared by using surfactants as structure-directing agents. After particle formation, the
surfactant template is removed to create pores suitable for drug loading. These porous
structures are useful because they can carry high amounts of drug and allow surface
functionalization. However, their biodegradation, long-term safety, and clearance behavior
must be carefully considered [8, 20].

After synthesis, nanodrug delivery systems usually require post-processing steps such
as purification, size reduction, sterilization, drying, and surface modification. Purification can
be carried out by centrifugation, dialysis, ultrafiltration or size-exclusion chromatography to
remove free drug, unreacted materials, organic solvents, and excess surfactants. Size
reduction can be achieved by sonication, membrane extrusion, or high-pressure
homogenization. Surface modification may include PEGylation, ligand conjugation, charge
adjustment, or coating with polymers and biomolecules. These modifications are used to
improve stability, prolong circulation time, reduce immune recognition, or support active
targeting [4, 13, 14].

Drug loading can be performed during nanoparticle formation or after carrier preparation.
In passive loading, the drug is incorporated during synthesis by dissolving or dispersing it with
the carrier materials. In active loading, the drug is introduced after particle formation by using
concentration gradients, pH gradients, or specific interactions between the drug and carrier.
The choice of loading method depends on drug solubility, molecular size, charge, and stability.
Drug-loading efficiency and encapsulation efficiency are important parameters because they
directly influence dose, release behavior, and therapeutic usefulness [1, 6, 7].

The prepared nanocarriers are usually characterized by several physicochemical
methods. Dynamic light scattering is used to determine average particle size and
polydispersity index. Zeta potential analysis is used to evaluate surface charge and colloidal
stability. Transmission electron microscopy or scanning electron microscopy can show particle
morphology and size distribution. Fourier-transform infrared spectroscopy, X-ray diffraction,
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differential scanning calorimetry, and thermogravimetric analysis may be used to study
chemical interactions, crystallinity, and thermal behavior. Drug-loading efficiency,
encapsulation efficiency, and in vitro release profiles are usually determined by UV-Visible
spectroscopy, fluorescence spectroscopy or high-performance liquid chromatography,
depending on the drug [1, 6, 7].

In vitro release studies are commonly performed using dialysis bags, membrane
diffusion systems, or direct dispersion methods. The drug-loaded nanoparticles are placed in
a release medium that simulates physiological or pathological conditions. For cancer-related
studies, release media with different pH values are often used to compare normal
physiological pH with acidic tumor or endosomal conditions. Samples are collected at specific
time intervals and analyzed to determine the cumulative amount of drug released. These
studies help evaluate whether the nanocarrier provides sustained, controlled, or stimuli-
responsive release [5, 9].

For clinical translation, the experimental preparation of nanodrug delivery systems must
also consider reproducibility and scalability. A method that works at laboratory scale may not
always be suitable for industrial production. Parameters such as batch-to-batch consistency,
sterility, residual solvent content, storage stability, Iyophilization behavior, and regulatory
acceptability are critical. Therefore, methods such as microfluidics, high-pressure
homogenization and controlled nanoprecipitation are increasingly important because they can
offer better process control and scale-up potential compared with less reproducible laboratory
methods [15, 16, 17, 18].

RESULTS AND DISCUSSION

The reviewed literature shows that nanodrug delivery systems have clear therapeutic
potential because they can modify several important aspects of drug behavior, including
solubility, stability, circulation time, biodistribution and release kinetics. These advantages are
especially relevant for drugs with poor aqueous solubility, rapid degradation or high systemic
toxicity [1, 2, 3]. However, the same literature also shows that improved nanoscale design
does not automatically lead to improved clinical outcomes. The central finding of this review
is therefore the contrast between strong pharmaceutical potential and difficult clinical
translation.

Among the different nanocarrier types, lipid-based nanoparticles appear to have the
strongest clinical position. Liposomes, lipid nanoparticles, solid lipid nanoparticles, and
nanoemulsions are widely studied because of their biocompatibility, biodegradability, and
ability to carry both hydrophilic and hydrophobic therapeutic agents [7, 11]. Lipid nanoparticles
have also become especially important for nucleic acid delivery because they can protect
fragile molecules such as MRNA and supportintracellular transport [19]. Their clinical progress
suggests that materials with established biocompatibility, simpler formulation principles, and
scalable preparation methods have a greater chance of translation.

At the same time, lipid-based systems are not free from limitations. Their stability may
be affected by lipid composition, oxidation, aggregation, storage conditions,and drug leakage.
After administration, interaction with blood proteins may also change their surface properties,
circulation behavior, and targeting ability [7, 13, 14]. This means that even clinically successful
nanocarrier classes require careful formulation control and biological evaluation.

Polymeric nanoparticles show another important direction in nanodrug delivery. Their
main advantage is the possibility of controlling particle size, degradation rate, surface
properties, and release behavior through polymer selection and formulation design.
Biodegradable polymers such as PLGA and PLA are useful for sustained release, while
natural polymers such as chitosan are valuable because of their biocompatibility and ability to
form nanoparticles under mild conditions [6]. These properties make polymeric carriers highly
flexible for different administration routes and therapeutic purposes.

However, polymeric nanoparticles also show why flexibility does not always mean easy
translation. Their preparation may involve organic solvents, surfactants, multistep fabrication,
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and sensitive processing conditions. Small changes in polymer concentration, solvent type,
emulsification conditions, or drying method can affect particle size, drug loading, and release
profile [6]. As a result, polymeric systems require strict control of reproducibility, sterilization,
storage stability, and scale-up before they can move reliably toward clinical use [15, 16].

Inorganic nanoparticles provide unique opportunities that are not easily achieved with
lipid or polymeric systems. Iron oxide nanoparticles offer magnetic properties that can be used
for magnetic targeting, magnetic resonance imaging, and hyperthermia. Gold nanoparticles
provide optical and photothermal properties, while mesoporous silica nanoparticles can offer
high drug-loading capacity because of their porous structure [8, 20]. These features make
inorganic nanoparticles attractive for theranostic and externally triggered treatment strategies.

Nevertheless, inorganic nanoparticles also raise stronger concerns about long-term
safety, biodegradation, clearance, and organ accumulation. Surface coating and
functionalization can improve their colloidal stability and biocompatibility, but they also
increase formulation complexity. Therefore, their clinical translation depends not only on their
functional advantages, but also on whether their long-term biological fate can be clearly
understood and controlled [8, 15, 16].

The comparison of carrier classes suggests that clinical translation often favors systems
that are not necessarily the most complex, but the most reproducible and biologically
predictable. Highly engineered multifunctional systems may appear attractive in preclinical
studies, but they can become difficult to manufacture, characterize, sterilize, and regulate. In
contrast, simpler systems with known materials, scalable production, and clearer safety
profiles are more likely to progress toward clinical application [15, 16, 17, 18].

Targeting remains one of the most important but most challenging aspects of nanodrug
delivery. Passive targeting through the enhanced permeability and retention effect has
strongly influenced cancer nanomedicine research. In theory, nanoparticles can accumulate
in tumor tissue because of leaky tumor vasculature and poor lymphatic drainage [4, 12].
However, this effect is much more variable in human tumors than in many animal models.
Differences in vascular structure, blood flow, stromal density, extracellular matrix and
interstitial pressure can limit nanoparticle penetration and cause uneven drug distribution [4,
12, 16]. For this reason, passive targeting cannot be treated as a guaranteed mechanism of
clinical success.

Active targeting was developed to improve specificity by modifying nanoparticle surfaces
with ligands such as antibodies, peptides, folate, or other receptor-recognizing molecules [4,
9]. This approach can increase cellular uptake after the carrier reaches the target site.
However, active targeting does not remove earlier biological barriers. Nanoparticles must first
remain stable in circulation, avoid rapid immune clearance, and reach the target tissue in
sufficient amounts. In addition, the protein corona may mask surface ligands and reduce
receptor recognition [13, 14]. Therefore, active targeting should be understood as an additional
strategy rather than a complete solution to the delivery problem.

Stimuli-responsive nanocarriers offer a more controlled approach by aiming to release
drugs under specific internal or external conditions. Internal triggers such as pH, redox state,
and enzymes are especially relevant in cancer therapy because tumor tissue and intracellular
compartments can differ from healthy tissue in acidity, oxidative conditions, and enzyme
expression [5, 9]. External triggers such as heat, light, ultrasound, or magnetic fields may also
provide more spatial control over drug release. However, the usefulness of these systems
depends on whether the stimulus is strong, specific, and reproducible enough in vivo. A
system that responds well under controlled laboratory conditions may show weaker
performance in patients if the biological trigger is variable or insufficient.

Protein corona formation is one of the clearest examples of the difference between
designed nanoparticle properties and real biological behavior. When nanoparticles enter blood
or other biological fluids, proteins adsorb onto their surface and create a new biological identity
[13, 14]. This can alter particle size, surface charge, circulation time, biodistribution, immune
recognition, toxicity, and cellular uptake. It may also interfere with targeting by covering ligands
or changing surface interactions. Therefore, nanoparticle characterization should not be
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limited to measurements in water or simple buffer systems. More biologically relevant testing
conditions are necessary to understand how a carrier may behave after administration.

The clinical research landscape confirms that nanomedicine has made real progress,
but this progress remains selective. A clinical trial analysis reported 486 nanoparticle-related
clinical trials between 2002 and 2021, with liposomes and protein-based formulations among
the dominant groups [10]. This shows that nanodrug delivery systems are not only theoretical
platforms, but active clinical candidates. However, the number of approved nanoformulations
remains limited compared with the large number of preclinical studies. This gap reflects the
difficulty of converting laboratory performance into consistent therapeutic benefits in patients.

One important reason for this gap is the limited predictive value of some preclinical
models. Animal tumor models may overestimate nanoparticle accumulation or therapeutic
response because they do not fully reproduce the complexity of human tumors. Human
disease involves greater heterogeneity in vascularization, immune response, extracellular
matrix structure, and patient-to-patient variability [4, 12, 16]. Future studies therefore need
more realistic models, clinically meaningful endpoints, and standardized characterization
methods.

Manufacturing is another major factor influencing translation. A nanocarrier must not
only be effective in small-scale experiments, but also reproducible at largerscales. Parameters
such as particle size, polydispersity, drug-loading efficiency, surface charge, sterility, residual
solvent content, storage stability and release behavior must remain consistent between
batches. These requirements are sometimes less visible in early academic studies, but they
are essential for clinical development and regulatory approval [15, 17, 18].

Overall, the results indicate that the future of nanodrug delivery depends on balance.
Nanocarriers must be advanced enough to improve drug performance, but simple and stable
enough to be manufactured, characterized, and regulated. Lipid-based systems currently
show the strongest clinical presence, polymeric systems provide strong control over release
and degradation, and inorganic systems offer valuable theranostic functions. However, all of
these systems face challenges related to biological complexity, immune interaction, targeting
efficiency, reproducibility, and safety.

Thus, the main issue in nanodrug delivery is not a lack of scientific potential. The main
challenge is translating that potential into reliable clinical benefit. Future progress will depend
on designing nanocarriers that remain effective not only under ideal laboratory conditions, but
also in realistic biological and clinical environments.

CONCLUSION

Nanodrug delivery systems remain one of the most promising areas in pharmaceutical
and biomedical research. They offer important advantages, including improved solubility,
modified biodistribution, controlled release, and the possibility of combining therapy with
diagnosis. Lipid-based and polymeric systems have shown particular value because of their
versatility and broad therapeutic potential.

At the same time, the field should be discussed with balance. Efficient targeting is still
difficult in real biological systems. Protein corona formation, tumor heterogeneity, immune
clearance, manufacturing challenges, and regulatory demands all limit clinical translation. For
this reason, the future of nanomedicine depends not only on designing smarter particles, but
also on designing systems that remain effective under realistic biological and clinical
conditions.

Overall, the value of nanodrug delivery systems lies in their ability to improve how drugs
behave in the body. Their main challenge lies in converting that theoretical advantage into
consistent clinical benefit. A strong review paper should therefore present both sides together.
That contrast is what defines the present stage of the field.
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