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Abstract

Nanoparticles offer a versatile platform for the selective eradication of pathogenic or diseased cells
by integrating therapeutic payload delivery with precision targeting. Precision targeting can be
achieved (1) actively through ligand conjugation, (2) passively by exploiting the physiological
abnormalities of diseased tissues, or (3) intrinsically through the innate biophysical properties of the
nanoparticle. Intrinsically selective nanoplatforms (iNPs) are particularly advantageous when the
disease-promoting agent does not possess distinct surface markers, such as in the case of certain
“untargetable cancers” or cancers without known targets. Indeed, nanocarriers for chemotherapeutic
or gene delivery have achieved selective cancer cell apoptosis without requiring marker presentation,
thereby expanding the therapeutic window of the payload. Disease-promoting agents whose
physical properties are different from those of healthy cells are also good candidates for intrinsic
nanoparticle targeting. For example, antimicrobial nanomaterials have been designed to disrupt
bacterial membranes and reduce the risk of antimicrobial resistance by leveraging stiffness
differentials between bacterial cell walls and eukaryotic membranes. Nanoparticle systems with
intrinsic targeting mechanisms can also enable non-invasive imaging with near-infrared
fluorescence, MRI, and photoacoustic imaging for real-time biodistribution tracking and treatment
monitoring. This review synthesizes current innovations in nanoplatform design with intrinsic
targeting capabilities, spans applications in infectious and non-communicable diseases, and discusses
emerging strategies to enhance specificity, overcome resistance, and translate these platforms toward
clinical and field deployment.

Keywords: nanotheranostics; intrinsically selective; precision therapy; stimuli-responsive
nanoparticles; biomimetic nanoparticles; multimodal imaging; targeted drug delivery; tumor
microenvironment; antimicrobial nanomaterials; magneto-electric nanoparticles

1. Introduction
1.1. The Challenge of Selectivity in Nanomedicine

The promise of nanomaterials for theranostics rests on their ability to target diseased tissues
with high specificity. Achieving this selectivity is one of the first design challenges when engineering
novel nanomedicines. Passive targeting strategies have historically leveraged the enhanced
permeability and retention effect (EPR) to accumulate nanoparticles in the tumor microenvironment
(TME) due to the aberrant morphology, leaky vessels, and upregulation of angiogenesis (Figure 1).
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However, the EPR effect is heterogeneous across patients and even within regions of a single tumor
[1], primarily occurring in the peritumoral regions due to the intratumoral stagnation of edema
resulting from the impaired blood perfusion [2]. As such, passive targeting via EPR is unreliable as a
universal targeting mechanism for oncological treatments. Moreover, EPR is seldom observed in non-
malignant conditions, and thus has limited its utility beyond cancer therapeutics.
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Figure 1. Graphical summary of the three main modes of nanoparticle targeting: passive, active, and intrinsic.
Passive targeting primarily relies on the EPR effect in diseased cancerous tissues. Active targeting relies on
ligands displayed on the nanoparticle surface. These ligands can be proteins, peptides, nucleic acids,
polysaccharides, and small molecules. Antibodies can also be conjugated to NPs for active targeting. Intrinsic
targeting can be achieved through several mechanisms, including (i) biomimetic interface-driven selectivity, (ii)
inherent material-tissue affinity, (iii) physicochemical transport biases (size, shape, and charge), and (iv)

mechanical properties (e.g., nanoparticle stiffness). Created in BioRender. Moutran, A. (2026).

In contrast to passive targeting, active targeting methods leverage specific ligands (such as
antibodies, peptides, aptamers, or small molecules) conjugated to the nanoparticle’s surface to bind
to a target receptor (Figure 1). This alternative approach faces its own set of obstacles. Many diseases
lack distinct surface markers suitable for targeting. Even when the appropriate biomarkers are
present, their expression may be heterogeneous and evolve under therapeutic pressure. This shift in
marker expression can lead to drug resistance and is common to many fields, including oncology and
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infectious diseases. Therefore, targeting strategies that operate independently of molecular
recognition are needed.

1.2. Defining Intrinsically Selective Nanoplatforms

In this review, we introduce the definition of “intrinsic targeting”. Rather than requiring ligand-
receptor binding, intrinsically selective nanoplatforms (iNPs) achieve targeting through fundamental
or inherent physicochemical properties and their interactions with the characteristics of the target
cell. Importantly, intrinsically selective nanoplatforms do not require specific molecular markers and
can therefore treat diseases where targetable biomarkers are absent, heterogeneous, or subject to
adaptive resistance. Several mechanisms can contribute to the selectivity of iNPs: (1) responsiveness
to pathological microenvironmental cues, including factors such as pH, oxidation-reduction
potential, enzymatic activity, and oxygen levels; (2) activation by external physical stimuli, like light,
temperature, ultrasound, and magnetic fields; and (3) exploitation of fundamental biophysical
differences between healthy and diseased cells, namely electrical and mechanical properties,
membrane composition, and metabolic signatures. Furthermore, iNPs can provide imaging contrast
and monitor real-time biodistribution, disease progression, and treatment response.

For clarity, we organize intrinsic selectivity into four recurring design strategies that reappear
across platforms and applications: (i) biological interface—driven selectivity (e.g., protein-corona
effects, membrane coatings, membrane potential, or metabolic targeting), (ii) inherent material-tissue
affinity, (iii) physicochemical transport biases (size, shape, and charge), and (iv) mechanical
properties (e.g., nanoparticle stiffness) (Figure 1). Beyond intrinsic means of reaching their target,
localized iNP activation is also leveraged across platforms to further enhance specificity.

1.3. Scope and Organization of Review

This review provides an overview of intrinsically selective nanoplatforms across the
translational research development pipeline. We begin by surveying the material platforms — organic,
inorganic, and hybrid — which embody these mechanisms. We then examine the fundamental
mechanisms for tissue-specific, ligand-free selectivity. Mechanisms for localized activation of iNPs
are then presented, including responses to the biochemical microenvironment and to physical
stimuli. Therapeutic applications are then reviewed, including the treatment of infectious diseases,
cancer, cardiovascular conditions, and neurological disorders. We then explore how these platforms
facilitate multimodal imaging for real-time monitoring. Finally, we conclude by examining
translational barriers, discussing emerging technologies, and projecting future directions towards
personalized theranostics. Overall, this review aims to synthesize current progress and identify
opportunities to advance iNPs toward clinical use.

2. Material Platforms with Intrinsic Selectivity

A variety of nanoplatforms have been engineered to achieve intrinsic targeting without relying
on explicit receptor-ligand interactions. This section highlights representative examples across
inorganic and organic materials. Generalizable mechanisms for intrinsic targeting will be reviewed
in Section 4.

2.1. Inorganic Nanoplatforms

Inorganic nanoparticles possess unique physicochemical properties that can be leveraged to
enable intrinsic targeting. In addition, many inorganic platforms exhibit robust heat and light
stability, imaging contrast for detection, tunable optical properties, and environmental adaptability,
making them multivalent agents for targeted delivery and therapeutic effects. Across inorganic iNPs,
intrinsic selectivity is most often enabled through (i) size/shape-dependent transport, (ii)
environment-adaptive surface chemistry (e.g., pH- or redox-dependent behavior), and (iii) field-
responsive guidance or heating. Several examples below illustrate each of these strategies.
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Cerium oxide nanoparticles, also known as nanoceria, may target specific cellular environments
based on their redox state by switching between antioxidant and pro-oxidant states (Ce3*/Ce?**) on the
surface of the nanoparticle. These states depend on the pH and oxidative stress levels of the
destination microenvironment. Therefore, these nanoparticles extend beyond EPR by targeting the
pathophysiological state of the target cell instead of relying on leaky vessels [3,4]. Moreover,
nanoceria can intrinsically switch chemical behavior based on the local environment, allowing for
“smart” targeting and activation [5-7]. As such, it acts as a protective antioxidant in neutral pH
typical of healthy cells, and as a cytotoxic “kamikaze” in acidic microenvironments typical of cancer
cells [8].

Calcium phosphate (CaP) bioceramic systems have long been used for cell targeting and gene
transfections in vitro. CaP nanoparticles have been proposed to intrinsically enter cells through
endocytosis facilitated by interactions between the positively charged calcium ions and negatively
charged caveolae, which are specialized microdomains on the plasma membrane [9]. Literally
meaning “little caves”, caveolae are dynamic endocytic carriers and form endocytic vesicles of 50 to
60 nm in a clathrin-independent manner [10]. CaP nanoparticles have been demonstrated to
efficiently deliver exogenous cargo (e.g., nucleic acids and proteins) to stem cells and primary neural
cells while maintaining low cytotoxicity [11]. These properties make CaP nanoparticles a promising
platform for achieving cellular uptake without the need for additional surface modifications or
targeting ligands.

Hydroxyapatite, abbreviated as (HA), is a specific CaP with composition (Ca10(POs)s(OH)2),
similar to bone mineral. HA exhibits a natural affinity for bone tissue and can be used to intrinsically
target bone matrix. Beyond its bone affinity, HA is highly biocompatible and osteoconductive,
rendering it an attractive material for osteopathic cases [12-15]. HA nanoparticles (nHA) have
exhibited higher uptake in bone than surrounding tissues when systematically administered in
animal studies [16]. However, macrophage uptake of nHA particles resulting in high liver and spleen
accumulation was also observed. As such, localized administration or implantation of nHA particles
may be ideal to intrinsically target bone and bypass macrophage clearance. Combinations of HA with
bisphosphonates have also been explored to further enhance bone binding through calcium chelation
[17-19]. In osteoporosis animal models, HA-based nanoconjugates of mPEG, PLGA, and risedronate
(a bisphosphonate), were found to increase the relative bioavailability of risedronate 6-fold and 4-
fold after intravenous and oral administration of nanoparticles, respectively, over commercially
available risedronate tablets and showed significant enhancements in bone micro-architecture
[20,21]. Bone-homing hydroxyapatite nanoparticles can also serve as theranostic platforms by
radiolabeling with technetium-99m [22,23], phosphorus-32 [24], or rare-earth metals such as
lutetium-177 [25].

Semiconductor nanocrystals, widely known as quantum dots, can also be engineered to exhibit
intrinsic targeting capabilities. For example, charge-reversal zinc oxide (ZnO) quantum dots coated
with charge-reversal polymers act as a sensitive switch from negatively charged surfaces at
physiological pH to positively charged surfaces at the slightly acidic extracellular pH of tumors,
allowing for selective adhesion to tumor cell membranes [26]. Sulfonic acid-functionalized graphene
quantum dots (sulfonic-GQDs) also achieve tumor cell nuclear targeting without any bioligand
modifications, but by exploiting the high interstitial fluid pressure (IFP) in solid tumors [27].
Normally repelled by cell membranes, the negatively-charged sulfonic groups on the GQDs passed
through the cell membranes of cancer cells in high IFP conditions, and robustly targeted their nuclei
both in vitro and in vivo, and based on these in vitro results molecular dynamics simulations
recapitulate how the GQDs are capable of this (Figure 2) [27]. These examples show great promise
for theranostic applications, as quantum dots are robust light emitters due to intraparticle quantum
confinement and are significantly less susceptible to photobleaching than organic fluorescent dyes,
making them suited for traceable drug delivery, multicolor bioimaging, and enriched real-time
monitoring of targeted payloads [28-30].
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Figure 2. Functionalized graphene quantum dots crossing through cell membranes in high interstitial fluid
pressure conditions. Representative trajectories of the molecular dynamics (MD) simulations with sulfonic-
GQDs and amino-GQDs detached from the lipid membranes. The amphiphilic GQDs were composed of a
hydrophobic graphene core (2.21 x 2.41 nm?) and a hydrophilic periphery functionalized with SOs~ or NH*". The
cell membrane is modeled as a negatively charged phospholipid bilayer for simplification. Water is shown in
violet, the GQDs are shown as large spheres (carbon, green; sulfur, yellow; oxygen, red; nitrogen, blue;
hydrogen, white) and the phospholipids are shown as tan lines with the hydrophilic charged atoms as small
colored spheres (hydrogen, white; oxygen, red; nitrogen, dark blue; carbon, cyan; phosphorus, orange).
Reprinted from Bioconjugate Chem. 2017, 28, 10, 2608-2619. [27].

Magnetic nanoparticles (MNPs), typically smaller than 25 nm, utilize superparamagnetism to
exhibit zero net-magnetization in the absence of an external magnetic field, but show strong
magnetization once a magnetic field is applied [31]. MNPs can be physically guided or retained at a
specific site by a magnetic field gradient. Examples are iron oxide nanoparticles such as magnetite
(FesO4) or maghemite (y-Fe20s) [32,33]; carbide nanoparticles like cobalt carbide (CoxCy) and iron
carbide (FexCy) [34,35]; and tantalum carbide (TasCs) [36]. Some MNPs have a biomimetic interface,
drawing inspiration from ferritin proteins [37-39] and bacterial magnetosomes [40-42]. Magnetic
targeting has been shown to concentrate drug-loaded particles in tumors or other organs,
independent of tissue architecture, such as vascular pore size and blood vessel density [43—45].
Beyond drug delivery, MNPs can be used as MRI contrast agents and for localized hyperthermic
treatments [46-48].

Inorganic nanoplatforms frequently couple intrinsic selectivity with stable core-dependent
multifunctional properties (e.g., optical, magnetic, redox). Organic and polymeric nanoplatforms
offer modular chemistry for tuning charge, degradability, and stimulus responsiveness while
maintaining biocompatibility.

2.2. Organic and Polymeric Nanoplatforms

Organic nanoplatforms is a broad category describing nanoplatforms made from organic
materials including proteins, carbohydrates, lipids, and polymers and are often utilized for their
superior biocompatibility, biodegradability, and low toxicity when compared to inorganic materials
[49,50] Organic nanoplatforms include liposomes, polymeric nanoparticles, micelles, dendrimers,
and more. These platforms are often intrinsically selective due to their surface charge, surface
functionalization, and hydrophobicity/hydrophilicity [20,51]. Ligand-free selectivity can be
engineered into diverse organic materials as described below.

Among organic nanoparticles, lipid nanoparticles (LNPs) have demonstrated a strong capacity
to encapsulate genetic materials and protect them from enzymatic degradation [52]. Their success has
been exemplified by recent clinical applications, including mRNA vaccines for COVID-19 and
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emerging cancer immunotherapies [53,54]. Beyond cargo protection, LNPs exhibit intrinsic selectivity
at both the organ and cellular levels [55-57]. LNPs preferentially accumulate in vivo in the liver due
to binding with apolipoprotein E (ApoE), which mediates uptake by hepatocytes through LDL
receptor pathways [55]. This intrinsic liver tropism has enabled multiple clinical applications for the
treatment of hepatic diseases. At the cellular level, LNPs incorporate ionizable lipids that facilitate
endosomal escape. These lipids become protonated under acidic endosomal conditions, promoting
endosome rupture and thus enabling cytosolic release of encapsulated nucleic acids [56,57].
Additionally, polyethylene glycol (PEG) functionalized lipids further promote nanoparticle targeting
by controlling size and aggregation, modulating protein corona formation, and extending systemic
circulation time [58,59].

Polymeric nanoparticles are a widely used type of organic nanoparticles that primarily exhibit
intrinsic targeting at the cellular level through physicochemical interactions that bias endocytotic
uptake mechanisms. Polymeric nanoparticles can exhibit selective internalization across tissues
without the need for explicit receptor-ligand recognition because different cell types preferentially
exhibit distinct uptake routes [60-62]. Cellular internalization of polymeric nanocarriers is thus
governed by particle size, surface charge, rigidity, and chemical composition, which collectively
determine the endocytic pathways engaged [63-65].

Polymeric nanoparticles may also be internalized through pinocytosis or phagocytosis,
particularly in immune and phagocytic cell populations [66]. Following uptake, polymeric
nanoparticles such as those with integrated acid-sensitive bonds, light-sensitive agents, enzyme-
sensitive, among others can further achieve functional selectivity through stimulus-responsive drug
release [60,67-69]. This process can be triggered by intracellular and extracellular cues such as pH,
temperature, and redox reactions [69,70]. These uptake and release characteristics enable polymeric
nanoparticles to preferentially deliver therapeutic or diagnostic cargo to diverse cellular and tissue
environments.

3. Mechanisms of Tissue-Specific Intrinsic Selectivity

In this section, we will conceptualize the previous nanoplatform examples into generalizable
mechanisms-properties that bias biodistribution and cellular uptake independent of receptor-ligand
recognition.

3.1. Surface Charge and Zeta Potential

The zeta potential of nanoparticles is a quantification of the electrostatic attraction or repulsion
between particles. The zeta potential can be fine-tuned to improve the stability of nanoparticles, and
can also be leveraged to target specific tissues or cell types. For instance, mucus-rich tissues (e.g.,
lungs) composed of glycoproteins with anionic substructures, such as sulfonic acid and sialic acid,
strongly attract positively charged nanoparticles but allow neutral and negatively charged particles
to pass through. The surface charge of a nanoparticle should therefore be designed with the route of
administration in mind. For example, buccal and pulmonary mucous membranes are likely to trap
positively charged nanoparticles that are inhaled. Conversely, noncationic nanoparticles <34 nm in
size have been shown to rapidly translocate from the lung to the mediastinal lymph nodes rapidly
following inhalation [71]. In the same study, cationic nanoparticles 6nm in size were shown to pass
through the alveolar-capillary membrane and enter the bloodstream.

The zeta potential of a nanoparticle is not necessarily a static parameter. In recent years, several
groups have developed nanoparticles capable of changing the zeta potential upon a physical or
chemical stimulus such as pH [72-75]. In addition to playing an important role in tissue-targeting, a
change in zeta potential can also be tuned to allow for on-demand cellular uptake. Piezoelectric
nanoparticles were designed to undergo charge polarization and thus a change in zeta potential upon
the application of a magnetic field [76]. This magneto-electric effect resulted in a decrease in zeta
potential from -6.8 mV to —11.2 mV upon the application of a 30 Gauss magnetic field, which led to
increased permeation in a panel of cancer cells [76,77].
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3.2. Biomimetic Membrane-Coated Nanoparticles

Membrane-coated nanoparticles first emerged in 2011 when poly(lactic-co-glycolic acid) (PLGA)
nanoparticles were co-extruded with erythrocyte membranes [62]. Biomimetic coatings have since
gained traction in nanomedicine, with exploration of many types of membranes, including red blood
cells, stem cells, cancer cells, and leukocytes, to name a few [78-81]. Several strategies can be
leveraged to fuse a biological membrane to a core nanoparticle, including extrusion, microfluidic
electroporation, flash nanocomplexation, and sonication [79,82]. The nanoparticle core can be organic
or inorganic, depending on the desired physical, chemical, and biological properties (Figure 3). Thus
far, PLGA cores have remained most commonly investigated due to their high drug loading capacity,
tunability of degradation mechanism, and biocompatibility [79]. Inorganic cores such as mesoporous
silica and gold have also been explored with unique opportunity to access multifunctional theranostic
capabilities for both drug delivery, radiolabeling, and photothermal therapy [83,84].
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Figure 3. Cell membrane-coated nanoparticles. A variety of cell types have been used as sources of membranes
to coat nanoparticles. Distinct cell membrane types provide unique properties and functionality to
nanoparticulate cores. Nanoparticle cores can be selected depending on the desired application. Reprinted with
permission from R. H. Fang, A. V. Kroll, W. Gao, L. Zhang, Adv. Mater. 2018, 30, 1706759. Copyright 2018.
Advanced Materials. [78].

Biomimetic membrane-coated nanoparticles exhibit long circulation time, stealth, and inherent
targeting capabilities. Immune-cell-coated nanoparticles have an increased competency in
recognizing antigens, enhancing their targeting to pathological cells with abnormal or non-self
antigens [81]. Platelet membrane-coated nanoparticles have been used to target pathogens as well as
damaged endothelial tissues and blood vessels [85]. Cancer cell membrane-coatings were shown to
accumulate in cancerous tissue, making them a promising candidate for anticancer theranostics
[82,86,87]. Additionally, mesenchymal stem cell membranes can be engineered to home to various
tissues based on the site of origin of the pluripotent stem cell. In a study using adipose-derived
mesenchymal stem cell (ADSC) membranes coated on PLGA cores, the original homing properties
of ADSC targeted the nanoparticles to inflamed joints, resulting in local drug delivery and anti-
inflammatory effect in rheumatoid arthritis murine models [88].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://www.zotero.org/google-docs/?igWfrP
https://www.zotero.org/google-docs/?BI5Aez
https://www.zotero.org/google-docs/?bGg1BS
https://www.zotero.org/google-docs/?1CBhW2
https://www.zotero.org/google-docs/?FoZtfN
https://www.zotero.org/google-docs/?Nm0FB3
https://www.zotero.org/google-docs/?lWI8wB
https://www.zotero.org/google-docs/?DWDHHl
https://www.zotero.org/google-docs/?QoZNei
https://www.zotero.org/google-docs/?lEnFM7
https://doi.org/10.20944/preprints202603.1641.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2026 d0i:10.20944/preprints202603.1641.v1

8 of 35

3.3. Cell Metabolism-Targeted Platforms

Mitochondria are the intracellular production centers of adenosine triphosphate (ATP) and are
also responsible for several other processes essential to cell function and fate. As such, mitochondria
are an important therapeutic target in many diseases, such as neurodegeneration, metabolic
disorders, ischemia, and cancers [51,89]. These subcellular organelles have a double-membrane
system with a highly negative membrane potential around -180 to -200 mV [90]. Delocalized
lipophilic cations (DLCs), such as mitoquinone mesylate, rhodamine 123, dequalinium, and JC-1, can
be utilized to leverage the negative membrane potential of mitochondria [90,91]. Several studies have
employed DLC-nanotechnologies (such as micelles, self-assembling vesicles, and DLC-conjugated
anionic polymeric nanoparticles) for rapid and efficient mitochondrial targeting [51,92,93]. Beyond
mitochondrial targeting, DLC-conjugated cationic and charge-neutral polymers were both shown to
accumulate in endosomal vesicles [51]. DLC-based nanoparticles may therefore be a suitable
approach to intrinsically target the mitochondria or the endosome based on the nanoparticulate
construct.

Cellular glucose metabolism is upregulated in certain diseased states and can also be targeted.
One of the most notable examples is the Warburg effect, in which cancer cells shift to aerobic
glycolysis. This prioritizes lactate formation over mitochondrial oxidative phosphorylation, requiring
the cells to increase their glucose uptake to keep up with their metabolic demands [94,95]. A strategy
to target this diseased cellular glucose metabolism is to use glucose moieties in the core composition
of nanoparticles. For example, glucose single-chain polymer nanoparticles were developed to target
tumors using the endocytic pathway [96]. At ~10 nm in size, these glycopolymeric nanoparticles were
demonstrated to be capable of drug encapsulation and release [97]. Beyond oncological applications,
glycopolymeric nanoparticles synthesized with mannose or galactose have also exhibited molecular
recognition with surface-immobilized proteins, such as E. coli heat-labile toxin. Upon motif
recognition, these small polymeric nanoparticles undergo intermolecular crosslinking to form a film,
wrapping the surfaces displaying the molecular recognition motifs [98].

3.4. Cell Stiffness Differentials

The mechanical properties of nanoparticles can also be designed to exploit differences in stiffness
between various cell types or healthy vs. diseased cells. “Soft” nanoparticles with Young’s modulus
<1.6 MPa characterized by atomic force microscopy (AFM) have been shown to have preferential
uptake in cancer cells [99]. Examples include core-shell structures whose hydrogel core can be
crosslinked to exhibit the desired mechanical stiffness, and is encapsulated in a lipid bilayer [99-101].
“Stiff” nanoparticles with Young’s modulus >10 MPa measured by AFM are better suited to target
macrophages, and can be leveraged for immunotherapies. For example, rigid nanoparticles
composed of amphiphilic copolymer PLA-b-PItEG exhibited strong interaction with pro-oncologic
tumor-associated macrophages (TAMs) [102]. These iNPs deformed TAM cell membranes which
activated mechanosensitive potassium ion channels and a downstream cascade leading to immune
cell reprogramming towards anti-tumorigenic profiles (Figure 4).
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Figure 4. : Intrinsic macrophage targeting by mechanical forces. Self-assembled rigid nanoparticles with helical
polymer shells reprogrammed M2-like TAMs into an M1-like phenotype for tumor immunotherapy. Reprinted
with permission from Chem. Eng. J. 2024, 491, 152129. Copyright 2024. [102].

4. Localized Activation of Intrinsically Selective Nanoplatforms

The safety profile and therapeutic window of iNPs can be further improved by leveraging local
cues and external triggers to enhance their selectivity and activity. These stimuli are classified into
two categories: microenvironment-based chemical stimuli (e.g., local acidity and oxygen
concentration), and physical stimuli (e.g., local temperature and artificially applied triggers).

4.1. Microenvironment-Responsive Selectivity

Microenvironment-responsive nanoparticles offer a non-toxic approach for targeting bacteria
and tumors with enhanced precision by exploiting pH gradients in diseased tissues. Biofilms may
produce an acidic microenvironment due to their metabolic activity [103]. Likewise, the tumor
microenvironment (TME) is often acidic, which may contribute to the growth of many solid cancers
[104]. Therefore, iNPs with activity limited to acidic microenvironments have been explored to treat
and image both disease systems [105,106]. Strategies used in pH-sensitive nanoparticle design
include the incorporation of partially ionizable chemical groups like amide (C=O-N-) and imide
(C=N-) bonds, which are protonated at acidic pH [107-110]. Multilayered nanoparticles comprising
pH-dependent, hydrolysable polyelectrolyte polymeric chains have been developed to target
negatively-charged biofilms and undergo hydrolysis, which results in a positive surface charge and
nanoparticle attraction to negatively-charged biofilms (Figure 5) [111].
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Figure 5. Intrinsic bacterial targeting via microenvironment selectivity. Zwitterion modified AgNPs showed a
pH responsive transition from a negative charge to a positive charge, which enabled the AgNPs to be compatible
with mammalian cells and red blood cells (RBCs) in healthy tissues (pH ~ 7.4), while strongly adhering quickly
to negatively charged bacterial surfaces at infectious sites (pH ~ 5.5) based on electrostatic attraction. Reprinted
with permission from J. Mater. Chem. B 7, 830-840 (2019). [111].

Redox-responsive drug delivery systems exploit the elevated glutathione (GSH) levels in
tumors, which are four-fold higher than in healthy cells, creating a more reductive environment
[112,113]. Other reducing agents like hydrogenated nicotinamide adenine dinucleotide phosphate
(NADPH), gamma-interferon-inducible lysosomal thiol reductase enzyme (GILT), and thioredoxin
also contribute to the tumor’s reductive environment, further supporting controlled drug release.
Redox-responsive iNPs can include disulfide bonds, diselenide bonds, succinimide-thioether
linkages, and tetrasulfide bonds, with disulfide-containing platforms being most prevalent in
liposomes, polymeric micelles, and nanogels [114]. The mechanism involves hydrogen donation from
GSH'’s thiol group to the nanocarrier, breaking its structure and releasing anticancer drugs into the
cytosol, where they are most effective. Disulfide bonds are particularly common due to rapid
reduction by GSH and stability in blood circulation, ensuring drug release is localized at tumor sites
to minimize side effects [115-117].

Enzyme-responsive nanoparticles exploit biochemical signatures of the target tissue by
incorporating enzyme-sensitive coatings, cleavable linkers, or catalytic cascades to selectively release
the therapeutic payload [118]. Tissues with characteristic enzymatic signatures that can be targeted
with enzyme-responsive iNPs, include tumor microenvironments, gastrointestinal organs, regions of
inflammation or infection, and the heart, to name a few [119-122]. For example, hybrid porous silicon
nanoparticles with negative surface charge were shown to specifically target positively charged
inflamed intestinal sites and preferentially accumulate there after oral administration [122]. The high
concentration of lipase enzymes in the diseased intestines subsequently triggered localized payload
release from the iNPs, thereby treating the target tissue with high selectivity.

As highlighted by this example, enzyme-responsive systems can be designed to work in
conjunction with other stimulus-responsive approaches to enhance treatment selectivity and reduce
non-specific activity.

4.2. Physical Stimulus-Responsive Selectivity

Physical external signals such as temperature, light, ultrasound, and magnetic fields can be used
to activate iNPs. By confining activation to diseased tissues, these physical stimuli can achieve
spatiotemporally controlled therapy and simultaneous imaging, while minimizing off-target toxicity
[123].
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Nanoplatforms that respond to temperature typically include thermoresponsive polymers that
are able to undergo phase transitions at a defined lower critical solution temperature (LCST) or upper
critical solution temperature (UCST) [124]. The LCST or UCST can trigger drug release or structural
changes. Polymers such as poly(N-isopropylacrylamide) (PNIPAM) or oligo(ethylene glycol)-(OEG)
based copolymers are widely used, with their LCST tuned to a mild hyperthermia range of 40—43 °C
to respond to tumors’ pathologically elevated temperature and localize payload delivery [124,125].
In cancer therapy, thermosensitive nanosystems can be activated by endogenous temperature
differences between the tumor and normal tissue [126]. Hyperthermia can also be externally triggered
by focused light or magnetic systems to release cargo at the selected site [127-129]. Hybrid design
frequently combines the responsiveness to temperature along with other modalities such as magnetic
or near-infrared (NIR) absorbing components, to enhance the selectivity and enable multimodal
therapy and imaging [130].

Light-activated nanoplatforms exploit ultraviolet, visible, or NIR light to induce photochemical
reactions (e.g., photocleavage and photoisomerization) and/or photodynamic effects that can trigger
drug release or generate cytotoxic species locally [125,131]. NIR-responsive systems are particularly
attractive because biological tissues scatter and absorb NIR less than visible light, enabling NIR
penetration depths on the order of centimeters. Among other applications, NIR-responsive iNPs can
be leveraged for the precise ablation of tumors via photothermal or photodynamic therapy [123].
iNPs can also embed photosensitizers, photochromic linkers, or plasmonic materials. For example,
self-assembled nanoparticles composed of photosensitizer IR-780 and glutathione blocking agent CB-
839 cloaked in a tumor cell membrane achieved inherent gastric adenocarcinoma targeting, and
treated the tumor by metabolic reprogramming and laser-triggered photodynamic therapy [129].
Upon illumination, the light is converted into heat or reactive oxygen species within the irradiated
region, minimizing systemic damage and improving therapeutic indices. When combined with
imaging probes, these light-responsive nanoplatforms can function as theranostic systems, allowing
real-time monitoring of accumulation and treatment response [61,127].

Ultrasound-responsive nanoparticles transduce mechanical and thermal effects into selective
drug release, enhanced tissue penetration, or piezoelectric stimulation of local neural cells [132]. For
example, BaTiO3 nanoparticles with chitosan glycol shell were demonstrated to create
electromagnetic fields upon ultrasonic treatment, showing promising ventricular rate control for
atrial fibrillation treatment [133]. Other typical constructions include polymeric nanoparticles,
liposomes, or micro/nanobubbles that are destabilized or fragmented under specific ultrasound
frequencies, resulting in burst release of encapsulated cargos at the desired site [134]. Ultrasound is
clinically established and can be focused deep within the tissues with good spatial resolution.
Therefore, these platforms can support image-guided therapy, particularly when combined with
echogenic components for contrast-enhanced ultrasound imaging [135,136]. Moreover, ultrasound
can transiently increase vascular and cellular permeability, improving intratumoral penetration of
drugs or genes delivered by these nanosystems [137].

Magnetic field-responsive nanoplatforms usually incorporate superparamagnetic iron oxide or
related magnetic nanomaterials to enable field-guided targeting, magnetic hyperthermia, and
magnetic resonance imaging (MRI). Under an alternating magnetic field, these nanoparticles generate
localized heat that can both directly damage tumor cells and act as an internal trigger for temperature-
sensitive matrices, producing synergistic magnetothermal drug release [123,125,127]. For example,
magnetoliposome encapsulating magnetic nanoparticles (MZFs) and antitumor drugs (As203)
intrinsically targeted liver tumors through the liposome’s inherent liver tropism [128]. An alternating
magnetic field was applied to induce magnetic hyperthermia and drug release, leading to synergistic
anti-hepatoma effects in vitro and in vivo. Static magnetic fields can enhance the accumulation of
magnetically responsive carriers at specific sites, whereas their intrinsic magnetic properties allow
use as T2 or T1 MRI contrast agents, yielding integrated diagnosis and therapy in a single
nanoplatform [76]. Multifunctional designs frequently combine magnetic responsiveness with other
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stimulus-sensitive components, such as pH or light, to better match the complexity of the TME and
further refine spatiotemporal selectivity [125,130,138].

5. Therapeutic Applications

In practice, many successful iNPs combine intrinsic uptake biases with conditional activation to
maximize selectivity in vivo. We now survey how these design principles have been implemented
across therapeutic areas, emphasizing the disease-specific barriers each strategy addresses.

5.1. Cancer Therapy

Despite great advances in cancer therapies, cancer remains difficult to treat, in part due to the
intratumoral heterogeneity of cancer cells and their ability to adapt to stressors through mutations
and epigenetic reprogramming [139,140]. Nanoparticles designed to intrinsically target cancer cells
provide the advantage of bypassing the need for cell surface biomarkers whose expression may be
heterogeneous or downregulated by the cancer cells over a treatment regimen. Strategies for intrinsic
targeting take advantage of properties inherent to the nanomaterial itself and of the biological
conditions inherent to tumors [68,141,142]. As cancer cells are generally softer than their healthy
counterparts across many cancer types [143,144], the mechanical properties of nanoparticles
influences their internalization or rejection by cancer cells (Figure 6) [99]. The mechanical properties
should be carefully selected during the design of iNPs for cancer theranostics, as they predetermine
uptake by cancer or immune cells (Figure 4) [102]. Inherent tumor targeting can also be enabled by
pH-responsive degradation, enzyme-triggered release, redox sensitivity, and biomimetic membrane
coatings, as described in previous sections [60,68,141,145-148]. In practice, many of these mechanisms
overlap and can be combined within a single platform.
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Figure 6. Inherent tumor cell targeting enabled by iNP mechanical properties. Particle elasticity regulates in vitro

cellular uptake. (a) Schematic illustration of nanoliposome-hydrogel complex system. NLP represents
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nanoliposome encapsulating PBS. Uncrosslinked NLG represents nanoliposome encapsulating uncrosslinked
alginate (0 mM CaClz). Crosslinked NLG represents nanolipogel encapsulating 1-5mM CaClz crosslinked
alginate. (b) The internal structure of NPs with various elasticity (NLP-45KPa, NLG-1.6MPa, and NLG-19MPa)
characterized by TEM. Scale bars represent 100 nm. (c¢) The Young’s moduli of synthesized NLP and NLGs
characterized by AFM. Relative cellular uptake of synthesized NLP and NLGs by MDA-MB-231 (d), MCF7 (e),
and MCF10A (f) cells. Adapted with permission from Nat Commun 9, 130 (2018). [99].

Overall, these varied approaches point toward a broader shift in nanoparticle design, building
systems that work with tumor biology rather than requiring ligand specificity for targeting. The
maturation of these systems holds promise for improving targeting precision, therapeutic reliability,
and long-term clinical translation in nanotheranostic applications.

5.1.1. Magneto-Electric Systems

Nanoparticulate systems have been designed to target cancer cells using magnetism, either by
using an externally supplied magnetic field to guide or release therapeutic payloads from the
nanoplatforms. Intrinsic targeting of tumors was explored using magneto-electric silica nanoparticles
which integrate magnetic control for payload delivery with the therapeutic behavior of metal-based
components [76]. Rather than relying on molecular recognition, magneto-electric nanoparticles
localize to tumors via interactions with the TME and on-demand zeta potential switching for cancer
cell permeation [76,149,150]. Once internalized by cancer cells, the release of a therapeutic payload
can be triggered by the application of an external AC magnetic field, which is conveniently possible
with clinical MRI [76]. A similar magnetic nanosystem has been leveraged to couple magnetic-
nanoparticle delivery of chemotherapeutics with photothermal therapy that includes core-shell
Fe3s04@SiO: nanoparticles decorated with gold well developed for magnetic targeting of chemo-
photothermal dual therapy in non-small cell lung cancer models [149]. From a practical standpoint,
multifunctional designs with magnetic targeting capabilities help reduce systemic exposure while
providing theranostic capabilities.

5.1.2. Environmental Targeting

In recent years, “smart” nanoparticles have been developed to remain inert until they encounter
specific triggers. In oncology, environmental sensitivity can be leveraged to allow “smart”
nanoparticles to exhibit activity confined to the TME, thereby only targeting diseased areas.
Environmental triggers include, but are not limited to, enzymatic activity, pH, redox, hypoxia, and
the presence of reactive oxygen species (ROS). Enzyme-responsive systems take advantage of the
elevated activity of proteases, such as matrix metalloproteinases, and lipases, such as phospholipase
A2, within the TME. Matrix metalloproteinases-2 (MMP-2) activatable nanoparticles have
demonstrated nonpermeability to normal tissues and uptake by tumor cells both in vitro and in vivo
[151,152]. This selectivity has been applied to the intracellular delivery of proteins,
chemotherapeutics, and antibodies, as well as tumor imaging, and has been deployed on cores
composed of nickel ferrite, gold nanorods, and mesoporous silica, to name a few [151,152]. For
example, an MMP-2-activated nanoparticle with a proteinase-sensitive cleavable linker tagged
hyaluronic acid core was developed to deliver bispecific antibodies and epigallocatechin gallate
across the blood-brain barrier to enhance immune checkpoint blockade therapy and induce
ferroptosis in glioblastoma models in vivo [153].

Oxidation-reduction (redox) sensitive platforms activate in response to high intracellular
glutathione levels and oxidative stress commonly exhibited by cancer cells [154]. Redox-responsive
platforms can be formulated from a myriad of building blocks. Redox-responsive micelles, composed
of amphiphilic glycan conjugates, have achieved targeted doxorubicin delivery and
laryngopharyngeal cancer therapy in vitro [155]. Redox-responsive metal-organic framework
nanocapsules were also leveraged for targeted drug release and triggered metabolic reprogramming
of cancer cells [156]. A redox-responsive sialic acid (SA)-imprinted biodegradable silica nanoparticle
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was recently reported as a novel protein delivery strategy for targeted cancer therapy [157]. Last, a
pH and redox-responsive hyperbranched polymeric nanocarrier selectively targeted breast cancer for
docetaxel delivery [158].

Hypoxia-responsive iNPs exploit oxygen deprivation in tumors. Hypoxia-responsive azocalix
[4]arene (AC4A) has been conjugated to human serum albumin-based nanoplatforms to treat hypoxic
tumors, as hypoxia triggers conformational changes in AC4A, leading to drug delivery [159].
Similarly, hypoxia-responsive nanoparticles of copolymeric 4-nitrobenzyl (3-azidopropyl) carbamate
and mPEG-PPLG were found to effectively release doxorubicin into cancer cell nuclei in vitro and to
mitigate the side effects of the drug in vivo [160].

5.2. Antimicrobial Therapies

In contrast to oncology, where selectivity often exploits the tumor microenvironment,
antimicrobial iNPs frequently leverage conserved differences in membrane charge, curvature, and
mechanical stiffness between microbes and host cells to achieve broad activity with reduced host
toxicity.

5.2.1. Bacterial Infections

Given the extensive application of nanomaterials in combating bacterial infections, many recent
innovations have focused on minimizing cytotoxic effects for healthy mammalian cells [161]. A well-
established strategy exploits the electrostatic attraction between silver-based nanoparticles (AgNPs)
and negatively-charged bacterial membranes [161,162], with particular efficacy against Gram-
negative bacteria [163,164]. This intrinsic physical targeting enables AgNPs to circumvent common
resistance mechanisms, furthering the importance of AgNPs as antibacterial agents [161]. However,
unmodified AgNPs also interact with the negatively-charged components of mammalian cell
membranes, resulting in unacceptable host toxicity. Off-target toxicity can be mitigated by
modifications, including membrane coating like PEGylation and membrane oxidation have been
employed to reduce nonspecific cytotoxicity [111,165]. Another innovation was the incorporation of
pH-responsive zwitterions into AgNPs, enabling a transition from a biocompatible, negatively-
charged state to a positively-charged antibacterial state localized at infection sites due to the
inherently acidic bacterial environment [111].

Liposomes remain a widely-used platform to direct antibiotics to bacterial infections, enabling
dose reduction and thus lowering the selective pressure in which antibiotic resistance can develop
[161]. Liposomes are particularly advantageous for targeting biofilms, which are difficult to eradicate
with conventional therapies [166,167]. Incorporation of cationic lipids confers intrinsic bacterial
targeting [168-170], although the lipid composition and chain length must be carefully engineered to
balance antibacterial efficacy against host cytotoxicity [169]. Alternatively, ionizable, charge-
reversing lipids may be incorporated into liposomes to ensure biocompatibility during circulation
and activation into an intrinsically selective cationic form only upon encountering a bacterial
microenvironment [171].

Some of the most promising innovations to improve selectivity exploit fundamental biophysical
differences between bacterial and mammalian cell membranes. Linear cationic polymers exhibit
electrostatic attraction to both membrane types, but remain non-toxic until assembly into
nanoparticles which preferentially disrupt bacterial membranes. This selectivity emerges from
interactions with bacterial negative-curvature lipids that promote pore formation and leakage of
intracellular contents, while mammalian membranes enriched in zero-curvature lipids resist
disruption [172,173]. Similarly, TiOx@C nanoparticles comprised of a carbon substrate decorated with
titanium dioxide dots, specifically penetrated the relatively stiff bacterial cell membranes, while
cholesterol within the eukaryotic cell membranes prevented the TiOx@C nanoparticles from
disrupting the eukaryotic cell membrane (Figure 7) [174].
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Figure 7. Exploiting differences in bacterial and eukaryotic cell membranes provides routes for intrinsic
selectivity. The fiber-like carbon substrate of TiOx@C nanoparticle is capable of selectively entangling with the
peptidoglycan layer of S. aureus, further disrupting the electron transport chain and killing the bacteria by
delivering excess electrons to key enzymes of the electron transport chain via TiOx dots. Meanwhile, the carbon
substrate of TiOx@C penetrated the cell wall of P. aeruginosa, disrupted the bacterial membrane structure and
penetrated into the bacteria, and triggered oxidative stress and protein leakage, thus leading to bacterial death.
Reprinted with permission from Nat. Commun. 2025, 16, 2836 [174].

5.2.2. Viral Infections

Intrinsic targeting strategies for antiviral nanoparticles aim to disrupt interactions between viral
surfaces and host cell receptors. Nanoparticles may be engineered to mimic viral ligand properties,
competitively binding host receptors and preventing viral attachment [175,176]. Alternatively,
electrostatic and chemical interactions enable direct targeting of viral proteins [175,177-179]. For
example, porous gold nanoparticles have extensive surface area to engage in gold-thiol interactions,
facilitating disulfide bond cleavage in viral proteins and thus reducing the ability of the pathogen to
establish infection while maintaining mammalian biocompatibility [177,180]. AgNPs similarly target
sulthydryl groups, both on viral surface proteins and host cell glycoproteins, to inhibit viral
attachment [181,182], and also interfere with viral replication by binding to viral nucleic acids or
nucleocapsids [175,181,182]. As with antibacterial AgNPs, however, successful in vivo application
requires modifications to minimize mammalian cytotoxicity [165,181]. Zinc oxide tetrapod
nanoparticles are shown to capture viral bodies and promote engulfment of pathogen/nanoparticle
complexes by immunological cells [183]. Antiviral surface coatings have also been shown to reduce
viral load on high touch surfaces [184,185], such as fluorinated titanium oxide nanoparticles that
induce oxidative stress under fluorescent lighting [185].

5.2.3. Fungal Infections

Intrinsic antifungal targeting presents greater challenges due to close eukaryotic similarity with
mammalian cells. Although AgNPs have gained widespread use, continued innovation is required
to enhance selectivity and biocompatibility [163]. Copper-based nanoparticles have emerged as a less
toxic alternative, preferentially adhering to carboxyl-rich fungal cell walls, leading to membrane
destabilization, reactive oxygen species generation, and disruption of enzymatic pathways [186,187].
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Recent studies demonstrated the feasibility of discriminating between ergosterol-rich membranes, as
in fungi, and cholesterol-dominant mammalian cells for targeted antifungal delivery. For instance,
AgNPs conjugated with amphotericin B (AmB) exhibited preferential binding to ergosterol in
parasitic membranes, resulting in enhanced eradication and reduced mammalian cytotoxicity,
relative to free AmB [188]. This approach is supported by studies showing that AmB-loaded
nanocarriers against Candida albicans lowered the minimum inhibitory concentration of required
antibiotic and reduced hemolysis [189,190], indicating that such an approach might be employed
effectively against fungal infections.

5.3. Cardiovascular Diseases

Intrinsic selectivity principles are increasingly being adapted to chronic non-communicable
diseases, where vascular barriers, inflammatory trafficking, and tissue-specific extracellular matrices
strongly influence delivery, including cardiovascular diseases. Current focus is on nanoplatforms
that improve targeting capabilities and overcome biological barriers [191]. Furthermore, novel
biomimetic membrane-coated nanoparticles are gaining traction to achieve highly targeted
amelioration of conditions like pressure overload-induced cardiac fibrosis [192]. Macrophage
membrane-coated drug delivery systems, comprising lutein-loaded PLGA nanoparticle cores coated
with macrophage membrane are emerging as a possible treatment for hypertensive heart disease
(HHD) [192]. The macrophage membranes provide protection from phagocytosis by immune cells,
granting longer circulation times, [192,193] which, coupled with the ability to easily load drugs onto
PLGA cores, make these biomimetic nanoparticles strong for HHD and other possible cardiovascular
diseases in the future [194]. Other areas of research include intrinsic atherosclerotic plaque targeting
for imaging, which is highly challenging with typical techniques such as MRI and CT due to the small
size of coronary vessels, rapid heart motion, and the difficulty to differentiate soft, non-calcified, or
lipid-rich plaque components. Plaque inflammation is characterized by an abundance of immune
cells in the arterial wall, mainly foamy macrophages and their progenitors, inflammatory Ly-6Chi
monocytes [195,196]. These two immune cell types characteristic of plaque can be intrinsically
targeted using carbon nanotubes, whose physicochemistry allows them to exclusively accumulate in
these two cell types [197]. The carbon nanotube iNPs have been successfully leveraged to
photoacoustically image inflamed atherosclerotic plaques with precision, and demonstrate the
potential of iNPs for cardiovascular theranostic applications.

5.4. Neurological Disorders

Neurological disorders remain challenging to target due to the challenges posed by the blood-
brain barrier (BBB) — not only a physical hurdle, the BBB actively pumps xenobiotics back into the
bloodstream after they cross using efflux pumps including P-glycoprotein (P-gp) [198]. Despite these
challenges, several nanoparticle strategies have been leveraged to intrinsically target several
neurological disorders. Recent studies are highlighted by MK16, a specialized lipid nanoparticle that
successfully traversed the BBB in murine models to deliver therapeutic mRNA, effectively reversing
memory deficits [199]. The lipid shell is composed of ionizable lipids, cholesterol, and PEG-lipids,
which can promote BBB transport by increasing endocytosis signaling in caveolae, and protecting the
encapsulated mRNA until reaching target brain cells by encapsulating it in a protective lipid barrier
[199]. Nanoparticle treatments for Amyotrophic Lateral Sclerosis (ALS) have progressed further with
clinical translation of a gold nanocrystal therapy, termed CNM-Au8 after the company name Clene
Nanomedicine, currently under evaluation for ALS treatment [200]. CNM-Au8 functions as an
NADH dehydrogenase-mimicking nanozyme that regulates energy metabolism [201]. This unique
property makes the nanocrystal a candidate for supporting central nervous system bioenergetics and
for strengthening central nervous system cells. Nanoceria are another promising platform for the
intrinsic targeting of neurological disorders. Their intrinsic redox activity allows them to directly
target and treat oxidative stress which is a central driver of neurodegeneration in diseases like
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Huntington’s, Alzheimer’s, and Parkinson’s [202], and is also common in ischemic, hemorrhagic, and
traumatic brain injuries [203].

6. Diagnostic and Monitoring Capabilities

A key advantage of many iNPs is that they can simultaneously report on delivery and response,
either through intrinsic contrast (e.g., magnetic or optical signatures) or by co-loading imaging
agents. This section highlights diagnostic modalities and monitoring strategies that enable real-time
theranostic feedback.

6.1. Imaging Modalities

Imaging modalities that are widely used for nanoplatform visualization and characterization
include fluorescence imaging, magnetic resonance imaging (MRI), computed tomography imaging
(CT), and photoacoustic imaging. Long-standing clinical and preclinical use of these modalities
enables extensive diagnostic and monitoring capabilities for nanoplatforms.

Fluorescence imaging is widely accessible, as many nanoplatforms can be readily functionalized
with fluorophores. In vitro fluorescence studies are routinely used to assess target cell localization
[204-206] and cellular uptake [207], by incorporating fluorophores either on the nanoplatform surface
or within the carrier. Similarly, these techniques have been optimized for in vitro data collection.
Localization to the disease site and cellular uptake in vitro are well-established uses of fluorescence
imaging [69,208,209]. Environment-responsive platforms further enable monitoring of therapy
payload release following cellular internalization [207,210].

MRI generates contrast through differences in the proton excitation and relaxation potential of
tissues, and most soft tissues require exogenous contrast agents for clinically relevant imaging [211].
As previously discussed, magnetic nanoparticles often exhibit intrinsic T> or T1 MRI contrast, with
iron oxide, cobalt ferrite, and manganese oxide producing T>-weighted contrast [85,206,212]. These
nanoparticles retain contrast functionality after surface modification and can be engineered to remain
in a non-contrasting form until internalized by target cells [213].

Much like MRI, CT imaging also benefits from nanomaterials with high X-ray attenuation, such
as iron oxide, gold, hafnium oxide, and barium dysprosium nanoparticles [214-216]. In-vivo
biodistribution of nanoparticles is possible with CT imaging, which provides data on targeted tissue
uptake and elimination half-life, as is the case for zirconium oxide nanoparticles [217]. Ligand-free
targeted nanoplatforms with surface functionalization can enhance visualization of tumor sites or
create contrast greater than conventional iodine-based contrast agents [218-220]. Non-iodine
nanoparticle based contrast agents are also beneficial due to the potential for decreased doses,
decrease in renal toxicity, and increase in blood circulation time [220,221]

Photoacoustic imaging generates data when target tissues absorb emitted light, thermally
expand, and produce ultrasound waves due to expansion and contraction [222]. Since its emergence
in the early 2000s, this modality has gained increasing interest for diagnostic and therapeutic
monitoring [223-225]. Nanomaterials with strong optical absorption, such as gold nanorods, have
enabled thermal mapping and validation of temperature profiles in tumor thermal therapy [226].

The combination of multiple imaging modalities provides complementary structural, functional,
and thermal information. By layering images of soft and hard tissues with temperature maps,
treatment efficacy can be monitored [227]. Multimodal nanoplatforms, such as Gd metal-organic
framework nanoparticles hybridized with gold nanoparticles, or barium dysprosium create high MRI
and CT contrast [216,228]. Combined MRI, photoacoustic, and Raman imaging has clinical
applications in surgery to delineate tumor boundaries from healthy tissue (Figure 8) [229].
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Figure 8. Triple-modality magnetic resonance imaging—photoacoustic imaging—Raman imaging nanoparticle
(MPR) can accurately help delineate the margins of brain tumors in living mice both preoperatively and
intraoperatively. The MPRs were detected by all three modalities with at least a picomolar sensitivity both in
vitro and in living mice. Reprinted with permission from Nat. Med. 2012, 18, 829-834 [229].

6.2. Real-Time Monitoring

Imaging modalities such as fluorescence, MRI, and CT can be used for real-time monitoring of
nanoplatform-mediated therapies, including treatment response, biodistribution, accumulation, and
circulation half-life [206,209,217,230]. Photoacoustic imaging, for example, in combination with
nanoplatforms, allows for verification that therapeutic temperature thresholds are met during the
therapy [226,231,232]. In vivo monitoring of nanoplatform distribution informs targeting efficiency
and optimal treatment timing. Researchers can exploit the properties of their nanoplatforms to release
an imaging probe once the therapy has been encapsulated by the target tissue and the therapeutic
product is released [207].

6.3. Theranostic Integration

Theranostics integrate diagnosis and therapy within a single platform. Nanoplatforms are well-
suited for theranostics due to offering co-delivery of therapeutic payloads and imaging agents while
also providing tunable pharmacokinetics and surface chemistry. Intrinsically selective nanomaterials
can reduce reliance on precise pre-identification of disease markers by leveraging physiological or
biophysical signatures of diseased tissue. For example, coupling chemotherapy with thermal
therapies (e.g., photothermal therapy or magnetic hyperthermia) can help delineate disease margins
while simultaneously ablating tumor tissue [210,233]. Image-guided therapies combine an imaging
modality with a treatment to provide visualization during intervention. These approaches use
imaging modalities such as MRI, fluorescence, or photoacoustic imaging to locate tumors and
determine boundaries, and then treat with photodynamic therapy, thermal therapy, or surgical
resection [208,234,235]. Gold nanoparticles and magnetic iron oxide nanoparticles have been used to
assist thermal ablation by targeting tumor cells and mapping temperature profiles at the tumor site
with the use of optical backscattered reflectometry [231,232]. In addition to light-mediated
photothermal strategies, magnetic nanoparticles can enable magnetic hyperthermia or magnetic
ablation under alternating magnetic fields, offering deep-tissue heating that can be paired with MRI-
compatible treatment planning and monitoring[46,236,237].
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7. Future Perspectives and Emerging Directions

7.1. Clinical Translation Challenges and Opportunities

Therapeutic monitoring has an important and direct impact on translation by providing real-
time feedback on dose selection, safety assessment, and patient stratification. We therefore discuss
clinical progress and key regulatory considerations specific to ligand-free and stimulus-responsive
nanotheranostics. Most intrinsically selective (ligand-free) platforms are still preclinical, but clinical
momentum is emerging from formulations that exploit disease physiology rather than affinity
ligands. Tumor-acidity/charge-switching carriers [67,207,238], protein-corona—guided delivery
concepts [230,239], and externally actuated magnetic strategies [212,240], represent translationally
plausible motifs for pairing therapy with imaging or pharmacokinetic readouts. However, label-free
targeting is context dependent: EPR and vascular permeability vary across patients;
microenvironment triggers (pH, enzymes, hypoxia) are heterogeneous; and corona composition
shifts with plasma proteomes and disease state, making it difficult to produce a homogenous
response among all patients [241,242]. For biomimetic coatings, scale-up and storage can alter
membrane proteins that mediate homotypic adhesion and immune evasion [82,86,243]. Safety issues
include immunogenicity, complement activation, long-term inorganic retention, and off-target
heating for externally driven platforms.

In the U.S. and EU, nanoplatforms are reviewed as drugs/biologics, devices, or combination
products depending on the primary mode of action (chemical payload vs physical energy deposition
vs diagnostic function). Sponsors must define critical quality attributes (size/shape distributions,
surface chemistry/charge, loading and release, sterility/endotoxin), validate assays for stability and
corona behavior, and show that intrinsic selectivity improves a meaningful clinical endpoint
(response, survival, or validated diagnostic performance), not only biodistribution.

Although not explicitly engineered for intrinsic selectivity, approved liposomes, albumin
nanocarriers, and lipid nanoparticles show that complex nanosystems can satisfy chemistry,
manufacturing, and controls, plus pharmacovigilance expectations and reach broad adoption. These
precedents suggest a pragmatic path for intrinsically selective nanotheranostics: simplify
compositions, integrate companion monitoring, and apply quality-by-design to lock in surface
features that drive reproducible selectivity.

7.2. Emerging Directions

Finally, we look ahead to emerging directions that could improve reproducibility and
personalization of intrinsic selectivity, including data-driven design, multi-input “logic” gating, and
tighter integration of delivery with real-time monitoring.

Artificial intelligence and machine learning will increasingly convert “trial-and-error”
nanomedicine into a data-driven workflow. Models trained on physicochemical descriptors can
predict protein-corona fingerprints, biodistribution, and clearance, enabling rational use of corona
engineering to steer targeting [239,241,242]. Coupled to automated microfluidic synthesis and active
learning, Al can iteratively propose and test formulations that maximize selectivity while
constraining toxicity and manufacturability. Generative models and digital twins can pre-specify
feasible design spaces for quality-by-design.

Beyond single triggers (e.g., pH), the next wave will use multi-input “logic” responses: charge-
reversal plus enzyme cleavage, hypoxia-activated phototherapy, or redox-gated drug release.
Biomimetic interfaces may evolve from single-cell membrane cloaks to hybrid or modular coatings
(tumor + immune cell membranes) that combine homotypic adhesion with immune evasion [86,243].
Materials that adapt their stiffness, shape, or aggregation state in situ could add a biophysical layer
of label-free selectivity relevant to tumors, biofilms, and inflamed tissues.

Intrinsically selective nanoplatforms are well-positioned to deliver next-generation payloads
(mRNA, CRISPR editors, protein degraders) and to interface with energy-based medicine (focused
ultrasound, photothermal/photodynamic therapy, magnetic actuation). Integrating real-time
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imaging (photoacoustic, MRI, fluorescence) with closed-loop control can enable dose-painting and
on-the-fly adjustment of therapy. Pairing nanotheranostics with wearable sensors could further
connect delivery to systemic response.

Personalization will move from “one nanoparticle fits all” to patient-adaptive design: screening
formulations in a patient’s own plasma to anticipate corona effects; using imaging to quantify
delivery and adjust dosing; and even deriving membranes or vesicles from patient tumors for
autologous homotypic targeting. Finally, multi-omics biomarkers and Al-based stratification can
identify which patients are most likely to benefit from a given intrinsic-selectivity mechanism.

8. Conclusions

Intrinsically selective nanoplatforms (iNPs) provide a compelling route to precise therapy and
monitoring when classical ligand-receptor targeting is impractical, unreliable, or vulnerable to
heterogeneity and adaptive resistance. Across inorganic, organic, and hybrid material classes, this
review highlights how inherent physicochemical and biophysical properties such as size/shape,
surface charge and charge-switching behavior, mechanical stiffness, membrane biomimetics, and
metabolism/organelle biases —enable preferential localization and uptake in diseased tissues without
requiring a predefined molecular marker. iNPs can improve selectivity through localized activation,
either by microenvironmental cues (e.g., acidity, redox state, enzymatic activity, hypoxia) or by
externally applied physical stimuli (e.g., light, temperature, ultrasound, magnetic fields), enabling
spatiotemporally controlled therapy with reduced off-target exposure. Importantly, many iNPs
support theranostic coupling by integrating imaging readouts (fluorescence, MRI, CT, photoacoustic
imaging) that quantify delivery, activation, and treatment response in real time.

These capabilities directly advance the goals of precision medicine. By reducing dependence on
static biomarkers and leveraging disease-state physiology, iNPs broaden eligibility for patients
whose tumors or infections lack stable targets, and offer practical pathways to adaptive dosing
informed by imaging-confirmed accumulation and response. Theranostic monitoring also supports
patient stratification (who is likely to accumulate/activate a platform), optimization of treatment
timing, and the emergence of closed-loop “dose-painting” strategies that adjust therapy based on
measurable in vivo signals. More broadly, intrinsic selectivity mechanisms are particularly attractive
for complex, heterogeneous disease contexts —such as solid tumors, biofilms, and inflamed tissues —
where molecular signatures evolve under therapeutic pressure.

Despite rapid progress, several challenges must be addressed for translation. Intrinsic selectivity
is context dependent: vascular permeability, microenvironment triggers, and protein corona
composition vary across patients, disease stages, and anatomical sites, complicating reproducibility.
Externally actuated platforms require careful control of energy deposition and safety margins, while
biomimetic coatings introduce scale-up, storage, and batch-consistency constraints. Across all classes,
regulators will expect robust definition of critical quality attributes (size/shape distributions, surface
chemistry/charge, loading and release behavior), validated assays that correlate “intrinsic” properties
with clinical performance, and long-term safety datasets addressing immunogenicity, complement
activation, and persistence/clearance.

Looking forward, the most promising opportunities lie in multi-input “logic-gated” designs
(combining intrinsic uptake biases with conditional activation), corona- and interface-engineering to
stabilize in vivo behavior, and AI/ML-guided formulation discovery linked to automated synthesis
and quality-by-design manufacturing. Together, these strategies position iNPs as a practical
foundation for next-generation, patient-adaptive nanotheranostics.
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