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Abstract Targeted protein degradation (TPD) offers a revolutionary paradigm to eliminate disease-

driving proteins. Given the distinct technical requirements and challenges associated with degrading

intracellular versus extracellular proteins, we classify existing TPD strategies based on subcellular local-

ization into two categories: intracellular TPD (iTPD), which targets proteins within the cytoplasm and

nucleus, and extracellular TPD (eTPD), which focuses on membrane-bound and secreted proteins. This

destination-based framework facilitates precise technology selection and rational design by aligning

methods with the biological context of their targets. However, the clinical translation of TPD remains

constrained by a significant “delivery gap”. Current nanotechnological approaches are often discussed

monolithically, despite the fundamentally distinct delivery requirements between iTPD and eTPD. For

iTPD, the primary nanocarrier role is to confer fundamental drug-like properties to overcome systemic

pharmacokinetic hurdles. Conversely, for eTPD, the nanoplatform’s chief function is to engineer cellular

engagement, enhance internalization, and orchestrate correct intracellular trafficking to the lysosome.

This review will dissect the distinct challenges inherent to each “geographic” space and detail the tailored
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nano-playbooks being developed to address them. We will further explore the convergence of these two

worlds and the emergence of nanoparticles as intrinsic degraders. Ultimately, we argue that a location-

aware design philosophy is essential for unlocking the full therapeutic potential of TPD.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The precise regulation of protein synthesis and degradation is

crucial for maintaining the proper functioning of organism1—5.

When protein overexpression or hyperactivation occurs within the

organism, various diseases ensue. The selective inhibition or

degradation of pathogenic proteins will contribute to the disease

treatment. Traditional small-molecule inhibitors and antibodies

function by specifically binding to the active sites of target pro-

teins, thereby preventing substrates from accessing the catalytic/

active sites and inhibiting protein activity6—11. However, this

“occupancy-driven” pharmacological paradigm between small-

molecule inhibitors or antibodies and their target proteins typi-

cally requires sustained high drug concentrations to maintain ef-

ficacy. This not only elevates the risk of drug-induced mutations at

the target site but may also contribute to reduced selectivity,

resulting in off-target adverse effects12—18. Additionally, the ma-

jority of pathogenic proteins (80%—85%) lack well-defined

pockets, making it difficult for small molecules or antibody

drugs to bind and exert their effects. Therefore, there is an urgent

need for new technologies to address the challenges faced by

small-molecules and antibodies.

Targeted Protein Degradation (TPD) is an emerging thera-

peutic technology that has rapidly developed in recent years for

modulating protein function. By leveraging the protein degrada-

tion systems of the cell self, such as the ubiquitin—proteasome

system (UPS) and lysosomal degradation pathways, TPD effi-

ciently degrades pathogenic proteins, demonstrating significant

potential for application in disease treatment19,20. TPD com-

pounds typically consist of three core structural domains: a ligand

that recognizes the protein of interest (POI), an effector molecule

that recruits the degradation machinery (such as the proteasome or

lysosome), and a linker that connects the aforementioned two

components. This structural design enables the effective tagging

or delivery of the POI to the degradation pathway, thereby facil-

itating its efficient and selective elimination. In contrast to the

“occupancy-driven” mode of small-molecule inhibitors, the

“event-driven” mode of targeted protein degraders requires only

transient binding to POI to guide it into the lysosome or protea-

some for degradation21. This mode effectively overcomes the

limitations of traditional “undruggable targets”, thereby expanding

the target options for the treatment of diverse diseases22. The

proteolysis-targeting chimeras (PROTACs), which leverages the

UPS to achieve TPD, represents the pioneering concept in this

field23,24. In parallel, several lysosomal pathway-based degrada-

tion strategies have recently been developed. These include ap-

proaches that exploit the endo-lysosomal pathway-such as

including lysosome-targeting chimeras (LYTACs)25, antibody-

based PROTACs (AbTACs)26, and cytokine-targeting chimeras

(KineTACs)27as well as those that operate through the

autophagosome—lysosome pathway, including AUtophagy-

TArgeting Chimeras (AUTACs)28, AUTOphagy-TArgeting

Chimeras (AUTOTACs)29, and autophagosome-tethering com-

pounds (ATTECs)30—32. Crucially, given that the subcellular

localization of a target protein critically influences the selection of

an appropriate degradative pathway and the design of the corre-

sponding technology, these strategies are logically classified into

two categories: intracellular TPD (iTPD) for targets within the

cytoplasm and nucleus, and extracellular TPD (eTPD) for

membrane-bound and secreted proteins. This framework, elabo-

rated in subsequent sections, underscores the tailored approach

required for different protein locales. Overall, these advancements

have significantly enriched the toolkit for protein degradation

research and provided innovative approaches for developing

highly effective and safe therapeutic strategies.

The transition from target inhibition-based strategies to target

degradation and disruption-based approaches, while demon-

strating significant potential in disease treatment, is accompanied

by numerous unknown risks and challenges. The molecular ar-

chitecture required for this function―typically a large, polar, and

flexible structure―introduces a cascade of formidable drug

development hurdles33. These molecules almost universally

exhibit poor ADME properties, including low solubility and

membrane permeability. Mechanistically, their reliance on form-

ing a ternary complex gives rise to the concentration-dependent

hook effect, while their dependence on effector proteins, which

may not be disease-specific, creates a substantial risk of off-target

toxicity. Furthermore, each class of degrader faces unique traf-

ficking challenges: iTPDs such as PROTACs require efficient

escape from the endosome to reach the cytosol, while eTPDs such

as LYTACs must overcome the avidity imperative and navigate

the endo-lysosomal network to ensure lysosomal delivery. Con-

fronting this multi-layered problem space requires a solution that

moves beyond medicinal chemistry. Nano-drug delivery systems

(NDDSs) have emerged as a particularly powerful and versatile

strategy to overcome these intrinsic liabilities. By encapsulating

the TPD molecule34,35, a nanocarrier can immediately rectify its

poor pharmacokinetic profile, shielding it from degradation and

improving its solubility. The nanoparticle surface acts as a pro-

grammable interface that can be decorated with targeting ligands

to enhance tissue specificity or engineered with responsive moi-

eties that trigger payload release only in the presence of patho-

logical cues like pH or redox potential. Furthermore, the physical

properties of the nanocarrier itself can be leveraged to solve

mechanism-specific challenges. The capacity for controlled, sus-

tained release provides a direct antidote to the hook effect. For

eTPDs, the engineered multivalency of a nano-scaffold can

overcome avidity limitations, while the nanoparticle’s own

intrinsic endocytic properties can be exploited to drive internali-

zation and lysosomal trafficking. Therefore, the rational design of

NDDSs represents a highly promising and multifaceted strategy,

offering a means not only to solve the fundamental delivery

problems of TPDs but also to master their unique mechanistic

hurdles, ultimately enhancing both their safety and efficacy.

Location-aware TPD: Nano design strategies 4855



In this review, we summarize the novel TPD strategies and

recent advancements that have emerged in recent years. These

developments offer a diverse range of targeted degradation stra-

tegies for disease treatment, providing new therapeutic opportu-

nities for conditions that were previously challenging to address.

Additionally, we highlight the progress and future prospects of

nano-TPD delivery systems in addressing the inherent limitations

of TPD-based drugs. Finally, we delineate ongoing challenges and

opportunities for clinical translation and provide our insights into

the future trajectory of TPD in disease treatment.

2. Targeted protein degradation strategies

The homeostasis of protein balance, characterized by the precise

regulation of protein synthesis and degradation, is essential for

maintaining the normal physiological functions of cells and

organisms36—38. In eukaryotic cells, damaged proteins or organelles

can be cleared through proteasomal and the lysosomal pathways39.

The lysosomal pathway further consists of two distinct but com-

plementary mechanisms―the autophagy—lysosomal pathway and

the endosomal—lysosomal pathway. These two pathways operate

independently yet are functionally interconnected, working syner-

gistically maintain intracellular homeostasis.

Generally, the UPS serves as a major intracellular pathway for the

degradation of short-lived and misfolded proteins40. The ubiquitination

cascade involves ubiquitin-activating enzyme (E1), ubiquitin-

conjugating enzyme (E2), and ubiquitin ligase (E3). Initially, E1 acti-

vates ubiquitin in the formation of an ATP-dependent manner, forming

a thioester bond at its C-terminal glycine. The activated ubiquitin is

then transferred to E2 via a thioester exchange reaction. Subsequently,

the E2—ubiquitin complex associates with E3, which acts as a

substrate-specific recognition factor. E3 specifically identifies the POI

and forms a ternary complex (E3—E2—ubiquitin—POI), precisely

guiding the transfer of ubiquitin from E2 to a specific lysine residue on

the substrate protein (Fig. 1). Through the cascade of poly-

ubiquitination, the substrate protein is marked by a K48-linked ubiq-

uitin chain, which is subsequently recognized by the 26S proteasome,

leading to the ATP-dependent hydrolysis of the substrate protein.

In contrast, the lysosomal system constitutes a versatile

intracellular degradation machinery capable of processing not

only intracellular proteins but also extracellular and membrane-

associated proteins. This pathway mediates the clearance of

long-lived proteins, insoluble aggregates, organelles, macro-

molecular complexes, and pathogens through three primary

mechanisms: endocytosis, phagocytosis, and autophagy41,42.

Endocytosis facilitates the internalization and degradation of

extracellular and membrane proteins43, while phagocytosis, a

specialized form of endocytosis predominantly performed by

immune cells, engulfs large particulates such as microbes,

apoptotic cells, and foreign debris44. Both mechanisms are

critical for the turnover of extracellular and membrane-bound

proteins. Autophagy, on the other hand, targets intracellular

components for lysosomal degradation. Cytoplasmic cargoes

such as protein aggregates, damaged organelles, and intracel-

lular pathogens are sequestered into autophagosomes, which

subsequently fuse with lysosomes for hydrolytic breakdown45.

Thus, the lysosomal pathway serves a dual role: it eliminates

extracellular and membrane proteins through endocytic and

phagocytic routes, while concurrently degrading intracellular

substrates via autophagy (Fig. 1). These degradation mecha-

nisms are not only essential for sustaining normal metabolic

activities and structural integrity of the cell but also play a

critical role in cellular stress responses, anti-pathogen defense,

and the regulation of cellular homeostasis.

In recent years, advances in our understanding of the

ubiquitin—proteasome and lysosomal degradation pathways have

spurred the development of various TPD technologies, demon-

strating considerable therapeutic potential in areas such as

oncology46—50, neurodegenerative diseases51, and autoimmune

disorders52. Given that the subcellular localization of a target

protein dictates the choice of degradative pathway (e.g., protea-

some vs. lysosome) and the requisite technology design, it is both

rational and practical to categorize TPD strategies into two clas-

ses: iTPD, which targets proteins within the cell, and eTPD, which

focuses on membrane-bound and extracellular proteins. iTPD

strategies primarily leverage the UPS or the autophagy—lysosomal

pathway, with representative examples including PROTACs, mo-

lecular glues, and AUTACs. In contrast, eTPD strategies pre-

dominantly operate through the endosomal—lysosomal pathway.

This route can engage both soluble and membrane-bound targets,

typically by recognizing their extracellular domains or the surface

of extracellular soluble protein. Antibodies, peptide ligands or

Figure 1 The process of protein degradation by the proteasomal pathways and lysosomal pathways.
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small molecules that bind these accessible regions therefore serve

as targeting moieties in eTPD systems, as illustrated by LYTACs.

To clarify the mechanisms and subcellular specificity of each

degradation strategy, the following sections will elaborate on three

major pathways: iTPD mediated by the proteasomal pathway,

iTPD mediated by the autophagy—lysosomal pathway, and eTPD

mediated by the endosomal—lysosomal pathway. Thus, by eluci-

dating the distinct mechanisms of action, this strategic categori-

zation enables a systematic expansion of the druggable proteome,

from intracellular oncoproteins to extracellular aggregates,

thereby propelling the development of new treatments for various

diseases.

2.1. iTPD mediated by the proteasomal pathway

Under the framework of iTPD, UPS plays a central role in

degrading intracellular soluble proteins―such as kinases, nuclear

receptors, and transcription factors. Among the various strategies

developed to harness this pathway, PROTACs and molecular glues

represent the most mature and extensively studied approaches, and

will form the core focus of our discussion (Fig. 2).

2.1.1. PROTACs

As a pioneering and the most established technology in the field of

TPD, PROTACs also represents the most mature platform within

the category of iTPD. PROTACs are heterobifunctional molecule

degraders composed of three components: a ligand for the POI, a

ligand for an E3 ubiquitin ligase, and a linker that connects the

two ligands. Through this structural design, PROTACs facilitate

the proximity of the target protein and the E3 ubiquitin ligase,

leading to the formation of a ternary complex (POI—PROTAC—

E3). This complex induces polyubiquitination of the POI, fol-

lowed by its degradation via the proteasome-mediated pathway.

Notably, PROTACs function in a sub-stoichiometric and catalytic

manner: upon the completion of each degradation cycle, the

PROTACs are released from the ubiquitinated target protein and

remains free to initiate subsequent rounds of degradation, thereby

enabling efficient, reusable target elimination while minimizing

potential off-target effects and reducing toxicity risks.

In 2001, Crews et al.23 pioneered the design of a bifunctional

molecule by linking a peptide targeting the E3 ubiquitin ligase ß-

transducin repeat-containing protein (ß-TRCP) with a peptide

targeting methionine aminopeptidase-2 (MetAp-2). This innova-

tive approach successfully facilitated the degradation of MetAp-2

via the UPS, thereby demonstrating the feasibility of the concept.

However, due to the poor cell permeability of peptides, this

strategy remained confined to foundational research and was not

further developed for broader applications. Till 2008, they

continue reported the first small molecule PROTAC. They

designed a PROTAC molecule consisting of nutlin-3a and an

enzalutamide derivative connected by a polyethylene glycol

(PEG) linker. Nutlin-3a targeted murine double minute 2

Figure 2 Various strategies for iTPDs mediated by the proteasomal pathway.
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(MDM2), an E3 ligase, while the enzalutamide derivative targeted

the androgen receptor (AR). Experimental results demonstrated

that this molecule not only successfully degraded AR but also

significantly inhibited the growth of prostate cancer cells24.

Compared to peptide PROTACs, small molecule PROTACs

exhibited superior cellular permeability and enhanced drug-like

properties, rendering them more suitable for therapeutic devel-

opment53. As a result, PROTACs entered a period of rapid prog-

ress. On one hand, a variety of other E3 ligases, including the von

Hippel-Lindau tumor suppressor (VHL), Cereblon (CRBN), and

inhibitor of apoptosis proteins (IAPs), were incorporated into

PROTAC development, significantly enhancing its flexibility. The

availability of diverse ligand structures also provided a broader

range of options for structural optimization. On the other hand,

PROTAC molecules successfully targeted and degraded multiple

therapeutic proteins, including epidermal growth factor receptor

(EGFR), Bruton’s tyrosine kinase (BTK), bromodomain-

containing protein 4 (BRD4), signal transducer and activator of

transcription 6 (STAT6), and microtubule-associated protein tau

(Tau), demonstrating substantial potential in cancer therapy,

neurodegenerative diseases54, and autoimmune disorders. In 2019,

the PROTAC molecules ARV-471, targeting the ER, and ARV-

110, targeting the AR, advanced into clinical trials, marking a

significant milestone in the transition of PROTAC technology

from laboratory research to clinical application55,56. And in 2025,

ARV-471 formally submitted a New Drug Application (NDA) to

the U.S. Food and Drug Administration (FDA) for the treatment of

patients with ESR1-mutated, ER+/HER2- advanced or metastatic

breast cancer. These advancements not only further validated the

feasibility and efficacy of PROTACs in drug development but also

laid a solid foundation for the future development of additional

PROTACs-based therapeutics.

2.1.2. Molecular glues

Molecular glues are monovalent molecules capable of inducing

protein—protein interactions between the POI and the E3 ubiquitin

ligase, thereby facilitating the formation of a ternary complex.

And this interaction triggers the polyubiquitination of the POI,

leading to its efficient degradation via the proteasome pathway.

The concept of molecular glues was first proposed in 1990, with

the immunosuppressants cyclosporine A (CsA) and tacrolimus

(FK506) being the earliest identified examples57. Although CsA

and FK506 bound to distinct primary receptors, cyclophilin and

FK506-binding protein (FKBP), respectively, they both formed

ternary complexes with calcineurin. Specifically, CsA bound to

cyclophilin to form the cyclophilin—CsA—calcineurin complex,

while FK506 bound to FKBP to form the FKBP—FK506—calci-

neurin complex. These complexes mediated the immunosuppres-

sive effects, whereas free cyclophilin and FKBP cannot interact

with calcineurin57. Subsequent structural biology studies eluci-

dated the detailed mechanisms of these molecular glues, con-

firming their ability to directly mediate protein—protein

interactions, form ternary complexes, and inhibited the function of

target proteins58,59. Since the identification of the first molecular

glue in 2010, research in this filed had made significant break-

throughs in recent years. Thalidomide, lenalidomide, and poma-

lidomide functioned by inducing the formation of ternary

complexes between the E3 ligase CRBN and target proteins,

including transcription factor substrates such as IKZF1, IKZF3,

and CD1α60—62. This interaction triggered polyubiquitination and

subsequent degradation of the target proteins, demonstrating

remarkable therapeutic efficacy in various hematologic

malignancies, and had been approved by the U.S. FDA for the

treatment of multiple myeloma. And anticancer arylsulfonamide

compounds, including indisulam and E7820, bound to the E3

ubiquitin ligase DCAF15, inducing its interaction with the RNA-

binding protein RBM3963,64. This led to the ubiquitination and

degradation of RBM39, thereby exerting antitumor activity.

Additionally, newly identified targets such as GSPT165—67,

BRD468, and CDK12/1369 are gradually demonstrating significant

therapeutic potential in areas including solid tumors and autoim-

mune diseases.

Compared to the heterobifunctional degraders of PROTACs,

molecular glues offer a series of unique advantages. First, mo-

lecular glues have a lower molecular weight, which means better

cell permeability. Second, the chemical structure of molecular

glues is simpler, which not only reduces the complexity of syn-

thesis but also enhances their stability both in vitro and in vivo,

facilitating drug development. Thirdly, molecular glues exhibit

higher druggability, making them easier to formulate into various

drug forms such as oral or injectable, which highlights their sig-

nificant clinical advantages in disease treatment70. Despite the

numerous advantages of molecular glues, their discovery process

currently lacks systematic and rational design strategies, which

significantly limits the development efficiency and clinical

application breadth of novel molecular glue degraders. Addition-

ally, traditional drug discovery methods often struggle to sys-

tematically screen and design molecular glues that effectively

induce protein—protein interactions, further constraining the

development of these drugs. With the advancement of future

design strategies, it is anticipated that molecular glues will garner

increased attention from both academia and the pharmaceutical

industry.

2.1.3. Others

In addition to PROTACs and molecular glues, several novel TPD

strategies harnessing the UPS have emerged, such as Viral E3 Pan-

Essential Removing TACs (VIPER-TACs) technology71, Bypass-

ing E-Ligase-Targeting Chimeras (ByeTACs) technology72 and

membrane-bounded intracellular E3 ubiquitin ligase-targeting

chimeras (MembTACs)73. Mangano et al.71 developed the

VIPER-TACs technology, which leveraged the viral E3 ligase vE3

(also known as E6) from human papillomavirus (HPV) to achieve

selective protein degradation. The VIPER-TAC molecule consists

of three components: a small-molecule ligand for vE3, a linker,

and a ligand for the target protein. In uninfected cells, VIPER-

TAC can bind to the target protein but cannot initiate degrada-

tion due to the absence of vE3. However, in HPV-infected cells,

vE3 is expressed, enabling VIPER-TAC to form a ternary complex

comprising the viral enzyme, the target protein, and the degra-

dation molecule, thereby triggering the ubiquitination process.

Ultimately, the critical protein is degraded by the proteasome,

leading to the death of infected cells due to the loss of essential

functions. The key advantage of VIPER-TACs lies in their

exceptional selectivity, as degradation is initiated only in virus-

infected cells, making them particularly suitable for treating

HPV-positive cancers, such as certain cervical and head-and-neck

cancers. Compared to chemotherapy or targeted inhibitors,

VIPER-TACs enable precise elimination of virus-infected cells,

minimize damage to normal tissues, and effectively suppress

tumor core dependency proteins, significantly enhancing anti-

tumor efficacy. In addition, the ByeTACs technology enables the

direct delivery of target proteins into the proteasome for degra-

dation72. This technology consists of three components: a small-
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molecule ligand that binds to Rpn13, a recognition subunit of the

26S proteasome; a linker; and a small-molecule ligand that binds

to POI. Upon the formation of the ternary complex, the target

protein is “pulled” into the proteasome and degraded without the

need for ubiquitin tagging. The unique advantages of the ByeTAC

platform lie in its independence from E3 ligases, which simplifies

molecular design, and its ability to achieve faster, more direct, and

potentially more efficient protein degradation without ubiquitin

labeling. Furthermore, this technology is particularly suitable for

disease contexts characterized by E3 ligase deficiency, such as

cancer and neurodegenerative disorders. Its compact structure and

strong druggability, with smaller and more stable molecules, not

only facilitate oral administration but also enhance tissue pene-

tration, demonstrating broad therapeutic potential. And

MembTACs utilize pH-low insertion peptides (pHLIPs) to recruit

intracellular E3 ubiquitin ligases, such as CRBN, to the inner cell

membrane within the acidic tumor microenvironment73. Simulta-

neously, the N-terminal recognition domain binds to target

membrane proteins, enabling their targeted degradation. This

approach offers several advantages, including low cost, straight-

forward synthesis, and broad applicability. Notably, MembTACs

do not rely on cellular permeability, thereby circumventing is-

sues related to endocytosis efficiency. These features highlight the

potential of MembTACs as a versatile and efficient tool for

membrane protein degradation in diverse biological contexts.

Overall, these emerging technologies not only expand the appli-

cation scope of protein degradation therapies but also provide

innovative solutions to the limitations of traditional approaches,

such as insufficient selectivity and dependence on E3 ligases,

demonstrating broad prospects for clinical application.

2.2. iTPD mediated by the autophagy—lysosomal pathway

Under the framework of iTPD mediated by the

autophagy—lysosomal pathway, the autophagy—lysosome system

serves as a critical mechanism for degrading a broad range of

intracellular targets―including aggregated proteins, lipid drop-

lets, and damaged organelles. Among the key strategies leveraging

this pathway, ATTECs, AUTACs, AUTOTACs, and chaperone-

mediated autophagy (CMA)-based degrader have emerged as

promising approaches capable of targeting such structurally

diverse and pathologically relevant biomolecules, and will form

the core focus of our discussion (Fig. 3)74,75.

2.2.1. AUTACs

AUTACs stands as the first-in-class compound specifically engi-

neered to mediate iTPD through the autophagy—lysosome

pathway. It is based on the innate autophagic clearance organ-

ism of group A streptococcus (GAS)76,77. The structure of

AUTACs consist of three main components: a ligand targeting

POI, a linker, and a guanine derivative (GD) degradation tag. In

the degradation process, the POI ligand binds specifically to the

POI, while the GD component triggers S-guanosylation modifi-

cation. This modification leads to K63-linked polyubiquitination,

which recruits autophagosomes for subsequent lysosomal degra-

dation. Arimoto et al.28 pioneered the conjugation of GD tag to

target protein-binding moieties, successfully degrading a range of

proteins, including methionine aminopeptidase 2, FK506-binding

protein, and bromodomain and extra-terminal domain (BET)

family proteins. Moreover, AUTACs can degrade larger organ-

elles, such as mitochondria. Takahashi et al.78 developed

AUTAC4, which utilizes a 2-phenylindole derivative as a

mitochondria-targeting ligand. This derivative specifically binds to

the translocase of the outer mitochondrial membrane, enabling

precise organelle localization. Experimental results revealed that

AUTAC4 treatment reduces the number of fragmented and

damaged mitochondria, mitigates carbonyl cyanide m-chlor-

ophenylhydrazone (CCCP)-induced mitochondrial apoptosis and

loss of mitochondrial membrane potential, and maintains cellular

ATP levels. These results highlight the versatile potential of

AUTACs, paving the way for its application in diverse areas,

including the degradation of protein aggregates.

2.2.2. AUTOTACs

AUTOTACs represent another major class of iTPD molecules,

designed to specifically eliminate misfolded proteins via the

autophagy—lysosomal pathway29. AUTOTAC is also a hetero-

bifunctional molecule, consisting of a p62 ligand, a POI ligand,

and a linker connecting these two components. The p62 protein

contains domains that recognize and bind polyubiquitin chains and

can interact with LC3 on the autophagosome membrane79,80,

serving as a bridge between polyubiquitinated proteins and auto-

phagosomes. During autophagy, p62 recognizes and binds ubiq-

uitinated proteins, delivering them to LC3 on the autophagosome

membrane. This process facilitates the encapsulation of these

proteins into autophagosomes, ultimately leading to their transport

to lysosomes for degradation. By linking a p62 ligand to AR or

ER, Ji et al.29 achieved the degradation of AR and ER via the

autophagy pathway, effectively suppressing their downstream

signaling pathways. This strategy demonstrates significant po-

tential in treating hormone-dependent cancers, such as prostate

and breast cancer. Additionally, AUTOTAC has been shown to

mediate the targeted degradation of tau protein aggregates, further

expanding its therapeutic potential for various diseases29. Impor-

tantly, since AUTOTAC induces degradation through the direct

interaction between p62 and LC3, it does not rely on specific

linker lengths or the ubiquitination process of target proteins. This

feature enhances its flexibility and broad applicability in disease

treatment.

2.2.3. ATTECs

In 2019, the ATTECs was developed as a pioneering iTPD strat-

egy, enabling selective elimination of pathogenic proteins through

the autophagy—lysosome pathway30,81. During autophagy initia-

tion, the LC3 protein plays a critical role by facilitating the for-

mation of autophagic vesicles, which encapsulate POIs to form

autophagosomes81. These autophagosomes are then transported to

lysosomes, where they fuse to form autolysosomes, ultimately

leading to protein degradation. Given the close association be-

tween autophagy and the LC3 protein, Li et al.30 designed a

compound capable of simultaneously recognizing the POI and

LC3. Specifically, through high-throughput screening, they iden-

tified an ATTEC that specifically binds to LC3 and the pathogenic

protein mHTT, which is implicated in Huntington’s disease, then

inducing the pathogenic protein into autophagosomes for degra-

dation. By bypassing the ubiquitination process, ATTECs func-

tions more like a molecular glue, directly binding to both POI and

the essential autophagosome protein LC3, thereby triggering the

degradation of the target protein. Additionally, it exhibits several

advantages, including low molecular weight, a direct targeted

degradation mechanism, and efficacy even at low concentrations.

These features enable it to degrade not only cytoplasmic aggregate

proteins but also non-protein cargoes such as lipid droplets30,
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offering new possibilities for the targeted degradation of diseased-

related proteins.

2.2.4. CMA-based degraders

CMA is also a mechanism for the selective degradation of iTPD

via the autophagy—lysosome pathway. Firstly, heat shock cognate

protein 70 (HSC70) recognizes the KFERQ motif on soluble

protein substrates82, and forms a complex. This complex then

interacts with lysosome-associated membrane protein 2A

(LAMP2A) on the lysosomal membrane, facilitating the trans-

location of the substrate protein into the lysosome for degrada-

tion83. It should be noted that CMA-mediated degradation does

not involve autophagosome formation. CMA-based degraders

typically consist of three functional domains: a cell-penetrating

sequence, a POI-binding sequence, and a CMA-targeting

motif82. This strategy has been demonstrated to effectively

reduce levels of mutant huntingtin protein, rat postsynaptic density

protein-95, death-associated protein kinase 1, and α-synuclein,

highlighting its significant potential for treating a variety of

diseases84,85.

2.3. eTPD mediated by the endosome—lysosomal pathway

While iTPD strategies such as PROTACs have revolutionized drug

discovery by targeting internal proteins, a complementary frontier

has emerged focusing on the extracellular space and cell surface:

eTPD. A primary mechanism for eTPD is hijacking the

endosome—lysosome pathway, a natural cellular process for

internalizing and degrading extracellular cargo. The pioneering

technology in this field, LYTACs, demonstrated the feasibility of

this approach. Subsequently, a range of innovative technologies

have been developed to further expand this strategy, including

AbTACs and KineTACs, which employ distinct mechanisms to

direct specific targets toward lysosomal degradation. These

advances continue to broaden the scope of degradable targets and

enhance the toolbox for precision medicine (Fig. 4).

2.3.1. LYTACs

LYTACs, a pioneering eTPD technology, operates by harnessing

the endosome—lysosome pathway to mediate the degradation of

extracellular and membrane-associated proteins86. In 2020, the

first LYTAC molecules, aimed to degrade extracellular and

membrane proteins via the endosome—lysosome pathway, were

reported, offering a novel targeted degradation strategy for disease

treatment25. The molecular structure of LYTACs consists of three

key components: a ligand that recognizes POI in extracellular or

membrane, a linker, and a ligand that binds to lysosome-targeting

receptors (LTRs) on the cell surface. LYTACs simultaneously bind

to POI and LTRs, forming a POI—LYTAC—LTR ternary complex,

which triggers endocytosis and the formation of endosomes.

Subsequently, the endosomes mature through intracellular trans-

port mechanisms and eventually fuse with lysosomes, enabling the

efficient degradation of extracellular and membrane proteins25.

Given the critical roles of numerous extracellular and membrane

proteins in the pathogenesis and progression of neurodegenerative

diseases, autoimmune disorders, and cancers, LYTACs has

emerged as a novel targeted degradation tool.

The advancement of LYTACs depend strongly on the development

of LTRs. Cation-independent mannose-6-phosphate receptor (CI-

M6PR) was the first LTR utilized in LYTACs degradation system25.

The ubiquity of the receptor across human tissues and its ability to

internalize ligands for lysosomal degradation make it an attractive

target for LYTACs. And mannose-6-phosphate (M6Pn) is commonly

employed as CI-M6PR ligand. By conjugating M6Pn with antibodies

targeting various proteins, such as apolipoprotein E4 (ApoE4), EGFR,

cluster of differentiation 71 (CD71), and programmed death-ligand 1

(PD-L1), the constructed LYTACs molecules efficiently mediate the

endocytosis and lysosomal degradation of target proteins, significantly

Figure 3 Various strategies for iTPDs mediated by the autophagy—lysosomal pathway.
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reducing their levels. ASGPR represents another classical LTR. It is

primarily expressed on the surface of hepatocytes and functions as a

liver-specific receptor. N-Acetylgalactosamine (GalNAc) serves as the

ligand for ASGPR, enabling the specific delivery of POIs, such as

EGFR and integrins, to lysosomes within hepatocytes for degrada-

tion87. Meanwhile, other LTRs, such as transferrin receptor (TfR)88,

insulin-like growth factor 2 receptor (IGF2R)89, glucose transporter 1

(GLUT1)90, scavenger receptor class A (SR-A)91, folate receptor α

(FRα)92, Her293, sortilin94 and low-density lipoprotein receptor-related

protein 1 (LRP-1)95, are being actively explored. These developments

hold promise for further expanding the application scope of LYTACs-

based degraders in the future.

Notably, LYTACs bypasses the need for intracellular compo-

nents, such as E3 ligases. By leveraging LTRs, LYTACs offers

increased modularity and flexibility in the design of degraders.

These features not only expand the range of POIs but also enhance

the ability to modulate disease-specific mechanisms. With

continuous progress in the study of LTRs and the development of

novel ligands, the LYTACs holds substantial promise as a next-

generation platform for advancing targeted therapies.

2.3.2. Transmembrane E3 ubiquitin ligases-based degraders

Transmembrane E3 ubiquitin ligases-based degraders represent a

key eTPD strategy that mediates the degradation of membrane

proteins via the endosome—lysosome pathway96. Representative

strategies include AbTACs26,97 and Protein Targeting Antibody

(PROTAB)98, both of which are essentially recombinant bispecific

antibodies. These antibodies specifically recognize cell surface

target proteins on one end and bind to transmembrane E3 ligases

on the other. For example, RNF43, a single-pass transmembrane

E3 ligase, contains an extracellular domain, a transmembrane

domain, and an intracellular RING domain99. It has the potential

to facilitate the internalization of ternary complexes and their

subsequent degradation in the lysosome. In 2021, Wells’s group26

reported AbTACs, a form of bispecific antibodies that specifically

recognize PD-L1 and the transmembrane E3 ligase RNF43,

effectively inducing lysosomal degradation of PD-L1 by recruiting

RNF43. Subsequently, Melo’s group98 reported a similar tech-

nology in Nature, called PROTAB. This bispecific antibody binds

to insulin-like growth factor 1 receptor (IGF1R) on one end and

recognizes the N-terminal glycoprotein D (gD) of either RNF43 or

zinc and ring finger 3 (ZNRF3), another membrane-bound E3

ligase, on the other. Results demonstrated that PROTAB effec-

tively degraded cell surface IGF1R in cells expressing RNF43 or

ZNRF3. Further studies confirmed that this platform exhibits

significant degradation efficacy against multiple cell surface tar-

gets, such as HER2 and PD-L1. Notably, PROTAB can engage

both the proteasome and lysosome pathways for degradation.

Figure 4 Various strategies for eTPDs mediated by the endosome—lysosomal pathway.
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Overall, AbTACs and PROTAB technologies, as transmembrane

E3 ligase-based TPD strategies, enable the specific degradation of

cell surface proteins through fully recombinant bio-

macromolecules, significantly reducing the immunogenicity

associated with traditional chimera molecules. However, they

currently face certain limitations, such as a strong dependence on

the expression levels and availability of cell surface E3 ubiquitin

ligases. This reliance introduces variability and restricts their

generalizability across diverse cellular environments.

Furthermore, the nanobody-based targeted degradation platform,

Receptor Elimination by E3 Ubiquitin Ligase Recruitment (REULR),

has also seen significant advancements100. REULR molecules consist

of bispecific VHH domains that specifically recruit E3 ubiquitin li-

gases and induce the degradation of target receptors. Specifically,

researchers designed corresponding nanobodies targeting five trans-

membrane E3 ligases (RNF128, RNF130, RNF167, RNF43, and

ZNRF3) and constructed bifunctional REULR molecules. Experi-

ments demonstrated that these molecules efficiently clear disease-

related target receptors (including EGFR, EPOR, and PD-1) at

various levels by inducing proximity interactions between trans-

membrane E3 ligases and the target receptors. Compared to traditional

antibodies, REULR molecules have a smaller size, which provides

potential advantages in tumor tissue penetration. However, their

smaller size also makes them more susceptible to rapid renal clear-

ance, which limits their in vivo stability and half-life to some extent.

2.3.3. KineTACs

KineTACs effectively induce the degradation of extracellular and

membrane proteins through the endosome—lysosome pathway. The

underlying principle of KineTACs is that various cytokines and in-

terleukins can be internalized via their receptors and subsequently

degraded in the lysosome. Wells et al.27 developed a bispecific Fc

fusion protein composed of two functional domains: one specifically

binds to target proteins, while the other is a cytokine that interacts

with cell surface cytokine receptors, rather than traditional

membrane-bound E3 ligases. Validated cytokines include CXCL12

(targeting the membrane receptor CXCR7), CXCR7 (targeting the

membrane ligands CXCL11 and vMIPII), and interleukin-2 (targeting

the membrane IL-2 receptor). Through cytokine receptor-mediated

internalization, target proteins (such as membrane proteins PD-L1

and EGFR, as well as soluble extracellular proteins VEGF and

TNF-α) are endocytosed and transported to the lysosome for degra-

dation. In a parallel approach, Wu et al.101 developed an alternative

strategy centered on an engineered mutant of CXCL12. This peptide

exhibits high-affinity binding to CXCR7 and strongly promotes its

internalization and lysosomal delivery. The core peptide was further

functionalized via click chemistry conjugation to nucleic acid-based

binders, such as DNA, RNA, or bispecific aptamers, yielding a

modular construct termed AP-CRTAC. This system enables not only

degradation of CXCR7 itself but also, through programmable nucleic

acid adaptors, the selective degradation of one or multiple target

proteins, including pathogenic mutants. Although nomenclature dif-

fers, both platforms fundamentally exploit cytokine-receptor inter-

nalization mechanisms for TPD. Thus, KineTACs-in a broader

functional definition-represent a versatile, modular, and highly se-

lective eTPD strategy capable of facilitating lysosomal degradation of

diverse extracellular and membrane-bound targets.

2.3.4. Cell-penetrating peptides (CPPs)-based degraders

Utilizing the endocytosis mechanism mediated by CPPs, two new

membrane protein-targeting degradation technologies,

GlueTACs102 and CPPTACs103, have been developed in recent

years. Since CPPs-mediated endocytosis facilitates cargo entry via

the endosomal pathway, these platforms also represent an emerging

strategy within the eTPD landscape. The GlueTACs consists of two

main components: a nanobody (Gluebody) modified with unnatural

amino acids, which specifically binds to the target (such as PD-L1)

and forms covalent bonds, and a CPP coupled with a LTS, which

collectively facilitate nanobody internalization and lysosomal tar-

geting, ultimately constructing an efficient membrane protein-

targeting degradation chimera102. With a molecular weight of

only 15 kDa, the nanobody’s compact size and high penetration

capability confer significant advantages in targeted degradation

technologies. The CPPTACs molecule involves a CPP conjugated

to a POI ligand, enabling the endocytosis of membrane and extra-

cellular POIs (including PD-L1, CAIX, and CB2R, among other

disease-related membrane proteins) driven by various CPPs, fol-

lowed by their transport to the lysosome for efficient degrada-

tion103. Further mechanistic studies revealed that CPPTACs rely on

electrostatic interactions between their positive charges and the

negative charges of proteoglycans on the cell membrane, rather than

a single lysosomal trafficking receptor. This mechanism overcomes

the dependency of traditional methods like LYTACs and AbTACs

on intracellular LTRs or specific E3 ligase expression levels,

achieving highly specific and efficient degradation of membrane

proteins with advantages such as structural simplicity, a broad

therapeutic window, and wide applicability.

2.3.5. MBL-LYTACs

In parallel, several non-canonical lysosomal degradation strategies

have emerged, such as molecular-based lysosome-targeting chi-

meras (MBL-LYTACs), representing a distinct eTPD strategy104.

These constructs enable efficient, broad-spectrum, and lysosomal

shuttle receptor-independent degradation of membrane proteins

through minimal chemical modification. The mechanism begins

with specific binding to cell surface receptors, followed by

receptor-mediated endocytosis that directs the complex into the

endosomal—lysosomal trafficking route. Within the acidic lyso-

somal compartment, weakly basic lipophilic functional group-

s―such as morpholine and dimethylamino moieties―become

protonated, while low-polymerization-degree mPEG forms stable

associations with hydronium ions. This markedly enhances mo-

lecular hydrophilicity, leading to entrapment of the entire as-

sembly within the lysosome by inhibiting retrotranslocation across

the membrane. As a result, the accumulated cargo undergoes

thorough lysosomal degradation, establishing a robust and

adaptable platform for targeting oncogenic membrane receptors.

This system provides a promising new therapeutic framework

based on TPD, with particular relevance for cancer therapy.

3. Emerging challenges and the rationale for nanoparticle-

enabled TPD

3.1. Universal and mechanism-specific bottlenecks in TPD

development

The expanding universe of TPD technologies―from the

proteasome-recruiting PROTACs and molecular glues, to the

autophagy-engaging AUTACs and ATTECs, to the extracellular-

targeting LYTACs―collectively represents a paradigm shift in

pharmacology. However, despite their diverse mechanisms, a

common theme of “molecular difficulty” unites them, creating a

formidable gap between conceptual elegance and clinical
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translation. This gap arises from the intrinsic structural conflict

between the complex architectures required for bifunctional

degradation and strict physiological barriers. It manifests as a dual

failure in spatial control: the high molecular weight restricts passive

access to the intracellular, while indiscriminate biodistribution leads

to uncontrolled systemic exposure and off-tissue toxicity.

Beyond these shared hurdles, each class of degrader faces its

own unique, mechanism-derived bottlenecks. iTPDs like PROTACs

are famously susceptible to the hook effect, a concentration-

dependent loss of efficacy. Autophagy-based degraders like

AUTACs are tethered to the variable and complex efficiency of the

cellular autophagy flux. And eTPDs like LYTACs are constrained

by the Avidity Imperative, the necessity of multivalent ligand

engagement to trigger receptor clustering and internalization, at the

cell surface and the subsequent, intricate challenge of ensuring

productive lysosomal trafficking. This multi-layered problem

space―defined by universal physicochemical liabilities on one

hand, and distinct, mechanism-specific hurdles on the oth-

er―cannot be solved by medicinal chemistry alone. It necessitates

a paradigm shift towards external engineering. It is here that

nanotechnology emerges, not as a singular solution, but as a ver-

satile and programmable toolkit capable of providing tailored

strategies to overcome these diverse and deeply-rooted challenges.

3.2. The core rational dichotomy: nanoparticles as delivery

carriers and intrinsic degraders

Before delineating specific therapeutic modalities, it is essential to

establish the fundamental architectural dichotomy that currently gov-

erns the integration of nanotechnology with TPD. The field has been

classified into two distinct design philosophies: the conventional

“nanocarrier-based” strategy and the emerging “nanoparticle as an

intrinsic degrader” strategy. Delineating the divergence in their design

principles and mechanisms is a prerequisite for rational engineering.

The nanocarrier-based strategy operates on a “delivery-and-

release” principle, utilizing the nanoparticle strictly as a protective

vehicle. In this paradigm, the primary objective is to mask the

suboptimal physicochemical profile of iTPD payloads during sys-

temic circulation, orchestrating spatiotemporally controlled release

at the target site. Crucially, this approach ensures that once released,

the iTPD molecules function independently of the carrier matrix,

retaining the conformational flexibility required for intracellular

targets. In stark contrast, the intrinsic degrader paradigm reimagines

the nanoparticle not as a passive vessel, but as the active structural

scaffold itself, wherein targeting ligands and degradation effectors

are co-displayed directly on the surface. This design leverages the

“multivalency effect” to dramatically enhance binding avidity and

facilitate modular surface engineering. Furthermore, the inherent

propensity of NPs for endocytosis and lysosomal sorting renders

them an ideal platform for engaging and transporting extracellular

or membrane-associated POIs for lysosomal degradation.

Recognizing this critical mechanistic dichotomy deeply informs

the strategic nano-platform designs discussed in the following sec-

tions: serving as intelligent nanocarriers to orchestrate drug delivery

for iTPDs, while acting as integral, polyvalent functional scaffolds to

unleash unparalleled endocytotic power for robust eTPDs (Fig. 5).

4. iTPD loaded nanoplatform with the cytosolic destination:

engineering the “great escape”

The vast majority of TPD modalities developed to date are

designed to function within the intricate environment of the

cytoplasm. As outlined in previous sections, these iTPDs can be

broadly divided by the machinery they hijack: UPS-utilizing

agents like PROTACs and molecular glues, and

autophagy—lysosome pathway-recruiting molecules such as

AUTACs and ATTECs. Despite their different terminal degrada-

tion sites―the proteasome for the former, the lysosome for the

latter after autophagosome fusion―all iTPDs share a single, non-

negotiable prerequisite: they must achieve productive entry into

the cytosol to initiate their mechanistic cascade.

For these modalities, successful cell permeability is synonymous

with achieving a sufficient concentration at their intracellular site of

action. Once there, they can form the crucial ternary complexes with E3

ligases and target proteins or engage autophagy adaptors like p62/

SQSTM1. Failure to reach this cytosolic threshold directly aborts the

degradation event before it can even begin. While molecular glues,

often discovered serendipitously, possess simpler structures, the ma-

jority of rationally designed iTPDs (PROTACs, AUTACs, etc.) are built

on a common scaffold with three chemical elements: two binding li-

gands, one specific to a target protein and the other for the E3 ubiquitin

ligase, along with a linker connecting these two ligands105. This design

axiom frequently places them in the challenging bRo5 chemical space.

Characterized by high molecular weight (MW > 500 Da), extensive

polar surface area (PSA), and significant flexibility, these molecules

inherently present a formidable challenge to drug developers. Their

bRo5 properties often translate directly into poor aqueous solubility,

low passive membrane permeability, and complex ADME (absorption,

distribution, metabolism, and excretion) profiles106. While tremendous

medicinal chemistry efforts are underway to optimize these intrinsic

properties, this section focuses on the transformative potential of

nanotechnology to address these universal hurdles externally. By

viewing PROTACs as the archetypal bRo5 degrader, we can establish

nano-engineering principles that provide invaluable insights for the

entire class of iTPD drugs.

4.1. The multi-stage obstacle course for cytosolic iTPD

payloads and nano-engineering principles

Irrespective of their therapeutic potential, the successful navigation of

an iTPD payload from systemic circulation to the cytosol of a target

cell is imperative, yet it constitutes a multi-stage obstacle course

rooted in the very molecular architecture of these degraders.

4.1.1. The “molecular obesity” obstacle

The majority of classical PROTACs, as the quintessential iTPD, tend to

fall into the bRo5 chemical space. To be effective, both ends of the

molecule must bind with high affinity to their respective protein part-

ners―the target and the E3 ligase. The moieties that achieve this are

often carbon-rich, aromatic systems, which, while optimal for binding,

are inherently lipophilic. This leads to a “molecular obesity” that

paradoxically limits clinical efficacy. These molecules are character-

ized by a high molecular weight (often approaching 1000 Da), a large

polar surface area (PSA >200 Å), and numerous hydrogen bond do-

nors and acceptors. This bRo5 profile gives rise to a cascade of daunting

ADME challenges. Poor aqueous solubility is a primary hurdle, not

only compromising absorption in the gastrointestinal tract but also

leading to compound precipitation and inaccurate concentration as-

sessments in critical in vitro assays. Compounding this, their lip-

ophilicity often leads to rapid hepatic uptake and metabolic clearance,

making them more susceptible to oxidative metabolism than their

smaller, more polar drug counterparts. The real-world consequences of

these suboptimal properties are stark. For instance, an early attempt to

generate PROTACs targeting the pirin protein failed to induce
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degradation, a lack of success attributed not to poor design of the

binding moieties, but directly to the unfavorable physicochemical

properties of the molecules themselves.

4.1.2. The “poor permeability” obstacle

In an effort to circumvent the challenges of small-molecule de-

graders, alternative scaffolds such as bioPROTACs―based on

peptides107, proteins108, antibodies109, or aptamers110―have been

explored111. While these biomolecules often solve the solubility

issue, they trade one set of problems for another. They tend to be

highly polar and negatively charged, which severely hinders their

ability to passively cross the cell membrane. Furthermore, their

biological nature makes them acutely vulnerable to degradation by

ubiquitous enzymes in circulation, such as peptidases and nucle-

ases. Thus, a universal dilemma emerges: iTPDs are either too

lipophilic or too polar, creating a formidable delivery barrier

regardless of their chemical composition.

4.1.3. iTPD loaded nanoplatform as solutions

While medicinal chemistry efforts to refine these properties

through iterative structural modification remain an active and vital

area of research, such strategies often involve a delicate balancing

act that can compromise binding affinity or introduce new

liabilities106,112—114. These efforts are now being dramatically

accelerated by computational and machine learning models, which

leverage deep reinforcement learning to rationally design novel

PROTACs with predicted optimal pharmacokinetics de

novo115,116. However, even these powerful in silico approaches

ultimately navigate the same fundamental chemical trade-offs.

Optimizing for ADME properties can still inadvertently weaken

the high-affinity protein—protein interactions essential for potent

degradation, and the vast chemical space means that many

promising degraders will inevitably fall into the bRo5 category.

Thus, a parallel and highly pragmatic strategy has emerged:

instead of solely re-engineering the molecule, we can re-engineer

its “package” and delivery system117. Compared to structural

design modifications, nano-system-based solution delivery sys-

tems to enhance PROTAC drug-like possibility focuses more on

carrier selection, which is less stringent on the PROTAC molecule

itself. Over the past few decades, nanotechnology have been

extensively studied and exploited due to their ability to improve

the PK profiles of therapeutic agents118. Nano-based systems offer

a powerful and versatile toolkit to overcome these fundamental

physicochemical challenges externally. By encapsulating the

iTPD, a nanocarrier can effectively mask its intrinsic properties,

significantly improving its solubility, metabolic stability, cell

permeability, and pharmacokinetic profile119—121. This external

management of ADME allows the iTPD molecule to be optimized

for its primary biological function: potent and specific protein

degradation.

4.1.4. Nano-scaffolds for iTPD: feasibility and geometric

constraints

Beyond serving as passive vehicles, a more ambitious strategy

reimagines the nanoparticle itself as the degrader’s active scaffold.

In these “NanoTAC” architectures, the nanoparticle core replaces

the flexible linker of a conventional degrader. A prime example is

the “split-and-mix” platform, which uses a self-assembling pep-

tide core to display various target and E3 ligands, boasting ad-

vantages like modular screening and improved solubility122.

Figure 5 Schematic illustration of nano-platform to address challenges facing TPDs.
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However, for intracellular applications, this elegant design faces

two fundamental hurdles. First is subcellular trafficking: without

an explicit endosomal escape mechanism, there is no guarantee

these constructs can reach the cytosol. They may simply be

doomed to lysosomal destruction, rendering them inert. The sec-

ond, more profound question concerns geometric feasibility. The

very mechanism of a PROTAC is predicated on a proximity-

inducing effect that operates within a critical distance, typically

estimated to be less than 10 nm between the ligase’s active site

and a target lysine123—125. A rigid nanoscale scaffold, while

achieving co-localization, may fail to mimic a flexible linker’s

ability to satisfy these stringent geometric constraints. This reveals

a crucial distinction: mere co-localization is not productive

ubiquitination. The risk is that the nanoparticle becomes a high-

avidity inhibitor of degradation, locking its targets in a “bind-

ing-competent but catalytically-incompetent” state. Addressing

these dual challenges of subcellular trafficking and biophysical

geometry is paramount if NanoTACs are to evolve from intriguing

concepts into viable therapeutic strategies.

Given these profound geometric and trafficking challenges, a

more pragmatic and arguably more powerful paradigm has

emerged: decoupling the delivery platform from the degradation

mechanism. This iTPD-loaded nanocarrier strategy, which focuses

on encapsulating the degrader, presents as a more logical and

rational approach to combat the hurdles facing iTPD clinical

translation. By sequestering iTPD molecules through various

physical interactions, a nanocarrier can effectively shield their

suboptimal physicochemical properties.

4.2. Enhancing the pharmacokinetic properties of PROTAC

molecules

Liposomes, with their unique structure of a lipid bilayer sur-

rounding an aqueous core, function as powerful nanocarriers that

fundamentally reshape how drugs behave in the body, offering a

versatile toolkit to dramatically improve their pharmacokinetic

profiles. A compelling demonstration of this principle was pro-

vided by Kou et al.126 in their work with insoluble BRM-targeting

PROTACs (GNE-01 and GNE-02). They engineered two distinct

liposomal platforms: a conventional design with the PROTAC

loaded into the lipid bilayer, and an advanced system where a

PROTAC—cyclodextrin complex was housed within the lipo-

some’s aqueous core. Both platforms successfully rendered the

insoluble PROTACs suitable for intravenous administration and

markedly improved their pharmacokinetic profiles, evidenced by

increased systemic exposure and reduced clearance. These find-

ings powerfully suggest that such formulation strategies could be

broadly applied to remedy the ADME liabilities of many bRo5

compounds.

Serum albumin, a natural transporter of endogenous molecules,

also offers a compelling path for optimizing PROTAC delivery127.

Its ability to improve biocompatibility, stability, solubility and

half-life can be harnessed to ameliorate the poor pharmacokinetic

profiles of PROTACs. In one illustrative case, Hu et al.128

addressed the aqueous insolubility of a PROTAC-Cy molecule-

―built from a pomalidomide E3 ligase ligand, an MCL-1 inhib-

itor, and a cyanine-based linker―by encapsulating it within

bovine serum albumin (BSA) nanoparticles. This formulation not

only conferred water solubility and plasma stability but also

modulated excretion kinetics, leading to more sustained exposure

and improved therapeutic efficacy. A related, yet distinct, strategy

involves the in situ recruitment of serum albumin through covalent

modification. This was demonstrated by the development of an

esterase-cleavable maleimide linker conjugated to the BRD4-

degrading PROTAC ARV-771, creating ECMal-PROTAC. The

conjugate exploits albumin’s long circulatory half-life, enhancing

the parent molecule’s solubility, prolonging systemic exposure,

and reducing rates of metabolism and excretion129.

4.3. Enhancing the cellular permeability and further promoting

endo-lysosome escape of iTPD

However, solving the systemic pharmacokinetic puzzle is only the

first stage of the obstacle course. As the Kou et al.126 study crit-

ically revealed, enhanced tumor accumulation does not guarantee

therapeutic efficacy if the payload remains entrapped. This high-

lights the next, and arguably challenges: ensuring productive

cellular uptake.

Nanoparticles have emerged as a versatile solution to over-

come the permeability challenges associated with PROTACs due

to their favorable properties. Their tunable size and customizable

surface characteristics facilitate enhanced interactions with

cellular membranes, promoting efficient endocytosis. Building on

the versatility of nanoparticle platforms, Li’s group130 engineered

a self-delivery nano-PROTAC system termed DdLD NPs. This

was achieved through the co-assembly of the chemotherapeutic

doxorubicin (DOX) and the BET-degrading PROTAC dBET57,

facilitated by the lipid DSPE-PEG2000. The resulting nano-

particles enhanced the stability and intracellular delivery of both

cargoes, ultimately amplifying the therapeutic outcome. In a

separate approach to overcome cellular entry barriers, the

PROTAC molecule LC-2 was formulated into liposomes whose

surface was precisely functionalized with the cell-penetrating

peptide R8. This rational design yielded R8-LC-2 liposomes,

which, as anticipated, significantly boosted cellular permeability

and targeting efficacy compared to the unmodified PROTAC131.

Then it comes subsequent endosomal escape. A nanocarrier

that cannot efficiently ferry its cargo across the cell membrane and

then liberate it from the endo-lysosomal pathway is ultimately a

failed delivery system. Therefore, the rational design of iTPD-

loaded platforms has evolved to incorporate sophisticated modules

engineered specifically to master this intracellular journey. To

surmount these barriers, a key strategy has emerged: the use of

pH-responsive nanoparticles that leverage the acidic endosomal

environment as a specific trigger for release. This principle is

perhaps best exemplified by the clinical success of ionizable lipid

nanoparticles (LNPs)―the cornerstone of the first FDA-approved

siRNA therapeutic, Patisiran132, and the recent COVID-19 mRNA

vaccines133. This clinically-validated technology has been

masterfully repurposed for the delivery of challenging iTPD mo-

dalities. For instance, peptide-based PROTACs (PepTACs), while

promising for targeting oncoproteins, are notoriously poor at

penetrating cells and are vulnerable to serum degradation134.

Ghosal et al.134 demonstrated that by formulating a PepTAC

against the oncotarget CREPT within an optimized LNP, these

limitations could be overcome. The resulting PepTAC-LNP was

rapidly internalized, and the ionizable lipids facilitated endosomal

escape, enabling potent, targeted degradation of CREPT at sub-

nanomolar doses―an efficacy rivaling traditional small-

molecule PROTACs. This principle extends across iTPD classes.

Chan et al.108 al successfully delivered larger protein-based

PROTACs using a screened LNP library, while Zhu’s group5

engineered aptamer-based PROTACs (APTACs) to self-assemble

with a protonatable poly(ß-amino ester), forming micelles that
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destabilize upon endosomal acidification. Likewise, Qi’s group135

integrated a tertiary-amine motif into amphiphilic conjugates,

which co-assemble into nano-PROTACs and realize optimized

endosomal escape for protein degradation. A common thread

unites these successful examples: their rational design consciously

incorporates a mechanism for endosomal escape, acknowledging

that adequate cytosolic exposure is a non-negotiable prerequisite

for any iTPD that recruits the UPS or autophagy machinery.

4.4. Optimizing the releasing profile of iTPD

Crucially, however, liberation of the iTPD-loaded nanoparticle

from the endosome is not synonymous with the liberation of the

iTPD molecule from its carrier. It is plausible that the payload

could remain tightly associated with or encapsulated within its

nanocarrier in the cytosol. This sequestration would severely

hinder its ability to freely form a ternary complex with its target

protein and the requisite degradation machinery. Therefore, the

ultimate challenge in iTPD delivery lies in engineering a delicate

balance: the nanocarrier must be stable enough to protect its cargo

in circulation, yet labile enough to release it upon reaching the

target compartment. Mastering this final payload release profi-

le―transforming the nanocarrier from a mere container into an

intelligent responsive delivery system (IRDS)―is the next frontier

in nano-iTPD design.

The design philosophy for such systems is to embed a “logic

gate” into the nanoparticle, rendering it responsive to specific

triggers. One elegant strategy is to harness endogenous cues found

within the unique biochemical landscape of the pathological

microenvironment. For instance, the intracellular concentration of

glutathione (GSH) in tumor cells can be up to a thousand-fold

higher than in the extracellular milieu, providing a robust and

widely exploited differential. This was leveraged by Liu et al.136,

who developed a redox-responsive nanocarrier from a poly(-

disulfide amide) (PDSA) polymer whose disulfide backbone is

rapidly cleaved by high GSH levels, triggering nanoparticle

disassembly and releasing the encapsulated BRD4 degrader.

Similarly, the aberrant expression of enzymes like cathepsins or

esterases offers another avenue for specific activation. This was

powerfully demonstrated by Cho and colleagues129, who engi-

neered an esterase-cleavable moiety into a BRD4-targeting

PROTAC, allowing intracellular esterases to liberate the active

drug only after successful cellular delivery.

For an even greater degree of spatiotemporal precision,

payload release can be orchestrated by exogenous signals that can

be applied non-invasively137. Light offers unparalleled control,

and while many strategies involve re-engineering the PROTAC

itself with photocages, nanotechnology enables the use of tissue-

penetrant near-infrared (NIR) light for deep-tissue activation138.

In a landmark example, He et al.138 prepared UCNPs-based

mesoporous silica nanoparticles (UMSNs) and then loaded the

well-designed photocaged-PROTAC of BRD4 to construct a NIR

light-activatable PROTAC nanocage (UMSNs@phoBET1). Upon

980 nm laser irradiation, the upconverted UV emission from

UCNP cores in UMSNs@phoBET1 could photolyze phoBET1

and release active PROTAC for controllable BRD4 degradation.

Offering even deeper tissue penetration, ultrasound represents

another powerful external trigger. A highly sophisticated example

is the dual-programmable nanoPROTAC, termed SPNFeP, devel-

oped by Li and colleagues139, which co-encapsulated a novel

PROTAC against nicotinamide phosphoribosyl transferase

(NAMPT) within a nanoparticle built from a ROS-cleavable

amphiphilic polymer. Crucially, the nanoparticle was also loaded

with two pro-oxidative agents: a semiconducting polymer (SP)

that generates singlet oxygen (1O2) under ultrasound irradiation

for sonodynamic therapy (SDT), and ferrocene to catalyze hy-

droxyl radical (·OH) generation via the Fenton reaction. This

elegant design creates a self-amplifying feedback loop, where the

ROS generated by both SDT and ferroptosis triggers the cleavage

of the nanoparticle scaffold, ensuring the specific and effective

release of the PROTAC payload directly within the oxidatively-

stressed target environment.

The strategic value of these responsive systems is therefore

twofold. First, they ensure the intracellular bioavailability required

for target engagement. Second, by being gated to specific patho-

logical cues or external triggers, they impose a powerful layer of

selectivity, confining the drug’s activity to the diseased tissue. This

principle of enhancing selectivity is powerfully complemented by

active targeting, a parallel strategy where the nanoparticle surface

is decorated with ligands (e.g., antibodies, aptamers, peptides) to

act as a “molecular GPS”. By guiding the nanocarrier to receptors

overexpressed on pathological cells, active targeting dramatically

increases local drug concentration and further mitigates the risk of

systemic, off-target effects.

Beyond strategies aimed at enhancing precision and selectivity,

nanotechnology offers a platform to expand the very functionality

of the therapy itself. The most prominent example is combination

therapy, where a single nanoparticle is co-loaded with an iTPD

and one or more synergistic agents, and exert function in com-

bination with chemotherapy, immunotherapy, photothermal ther-

apy, and other modalities35. This approach provides a powerful

method to attack disease pathways from multiple angles, over-

come acquired drug resistance, and achieve therapeutic effects

greater than the sum of the individual agents.

Given that both active targeting and nano-based combination

therapy represent vast and well-established fields in their own

right, with each being the subject of extensive reviews, a detailed

discussion is beyond the scope of this chapter. Nevertheless, the

core principles discussed herein―from engineering systemic

stability and endosomal escape to mastering responsive payload

liberation―form the essential playbook for surmounting the

fundamental delivery challenges of iTPD molecules. By success-

fully navigating this multi-stage obstacle course, nanotechnology

does not merely improve the properties of these powerful de-

graders; it unlocks their full therapeutic potential, transforming

them from promising chemical tools into viable clinical

candidates.

4.5. Mitigating the hook effect: from stoichiometric revolution

to concentration control

Beyond delivery, nanotechnology offers a unique toolkit to

address intrinsic, concentration-dependent limitations of the

PROTAC molecule itself. Perhaps the most vexing of these is the

Hook effect, a pharmacological phenomenon arising directly from

the trimolecular nature of PROTAC-induced degradation. While

effective degradation requires a productive ternary complex

(POI—PROTAC—E3), excessively high PROTAC concentrations

saturate the available binding partners, leading preferentially to

the formation of inert binary complexes (PROTAC—POI or

PROTAC—E3). This paradox, where efficacy diminishes at

supraphysiological doses, severely narrows the therapeutic win-

dow. Overcoming this liability has inspired several conceptually

distinct nano-engineering strategies, each with its own level of
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complexity and translational feasibility. The most radical of these

approaches attempt to fundamentally re-engineer the system’s

stoichiometry or intracellular organization.

One such strategy aims to pre-organize the components from a

three-component system into a two-component one140. This “pre-

fused PROTAC” concept involves incubating the PROTAC molecule

with its partner E3 ligase protein ex vivo to form a stable binary

conjugate, which is then encapsulated within LNP. While theoreti-

cally elegant in its direct circumvention of the non-productive binary

interactions, this approach introduces significant manufacturing

complexity and faces the substantial hurdle of ensuring the high-

fidelity cytosolic delivery of a large, intact protein-drug conjugate.

An even more sophisticated strategy leverages in situ self-

assembly to create multivalent degradation hubs137. In this “bot-

tom-up” approach, independent peptide precursors are pro-

grammed to undergo an intracellular, trigger-induced click

reaction and self-assemble into an ordered nanofiber. This “Arti-

ficial Topological Nanostructure” (ATN) then acts as a multivalent

scaffold, recruiting multiple POIs and E3 ligases into a “polynary

degradation hub.” By harnessing the power of avidity, this design

thermodynamically favors the formation of productive complexes.

However, this frontier strategy, while conceptually brilliant, de-

pends on the precise control of complex intracellular reaction

kinetics and assembly processes, presenting its own set of prac-

tical challenges.

In contrast to these stoichiometric revolutions, a more prag-

matic and perhaps more universally applicable strategy has

emerged, one that does not alter the fundamental mechanism but

instead masters the local concentration of the PROTAC itself. By

encapsulating the PROTAC within a nanocarrier engineered for

sustained or stimuli-responsive release, the nanoparticle acts as a

local drug depot. This design elegantly sidesteps the high initial

concentration spike from bolus administration that drives the

Hook effect, maintaining the cytosolic PROTAC concentration

within its optimal, highly productive range over an extended

period. This approach represents a powerful convergence of

simplicity and efficacy: it leverages the core strength of nano-

carriers―controlled release―to solve one of the most stubborn

mechanistic problems in the TPD field. Thus, while stoichiometric

engineering represents an exciting frontier, it is the precise, tem-

poral control over payload concentration that may offer the most

direct and translatable path to widening the therapeutic window

for potent degraders.

4.6. Expanding the playbook: nano-enabled strategies for

autophagy-based iTPD

While PROTACs represent the most mature class of iTPD, the

fundamental principles of nano-delivery are readily adaptable to

other emerging modalities, particularly those that leverage the

autophagy—lysosome pathway. These strategies, while promising,

often face the same “bRo5” delivery challenges, creating a fertile

ground for nano-engineering.

One prominent strategy is the use of ATTECs, which directly

recruit the autophagy protein LC3 to a target. To overcome the

poor uptake and lack of specificity of small-molecule ATTECs, a

“nano-ATTEC” platform was developed by self-assembling three

distinct block copolymers. This system was engineered to be inert

at physiological pH but became activated in the acidic tumor

microenvironment, triggering enhanced cellular uptake specif-

ically in tumor cells. This intelligent design provided a crucial

layer of targeting for the autophagy-based degrader141.

Beyond simply acting as a delivery vehicle, a recurring and

powerful theme in these nano-autophagy platforms is their ability

to simultaneously enhance autophagy flux, creating a positive

feedback loop that potentiates degradation. This was elegantly

demonstrated by a second approach using biomimetic nano-

receptors to clear aggregates of mutant p53 (mutp53), an onco-

gene poorly handled by the proteasome. Researchers designed

nanoparticles functionalized with a mutp53-binding peptide, but

critically, they incorporated the cationic lipid DOTAP into the

nanoparticle core. In this design, the nanoparticle acted as a

synthetic, mutp53-specific autophagy receptor: the peptide bound

the target, while the DOTAP component simultaneously acted as a

potent autophagy inducer, dramatically increasing the efficiency

of sequestration and destruction142.

This principle of synergistic co-delivery was further high-

lighted in a strategy for an AUTACs designed against the immu-

nosuppressive enzyme IDO. Here, researchers discovered that the

AUTAC’s guanine-derivative tag could drive the co-assembly of

the degrader with the chemotherapeutic drug methotrexate (MTX)

into “Nano-AUTAC” nanoparticles. This platform provided a

trifecta of synergistic benefits: (1) it solved the AUTAC’s delivery

problem; (2) the MTX provided a direct cytotoxic effect; and,

crucially, (3) MTX itself was found to be an autophagy inducer.

The nanoparticle therefore not only delivered the “degrader” but

also delivered an “accelerant” for the very pathway the degrader

relies upon143.

Together, these examples illustrate the remarkable sophisti-

cation of nanotechnology. For autophagy-based degraders, the

nano-platform is evolving from a simple delivery shuttle into a

multi-functional effector that can provide targeting, enhance de-

livery, and actively potentiate the biological machinery required

for its payload’s function.

5. Nano-scaffolds as eTPD mimics: engineering the

lysosomal trafficking pathway

While the cytosol is the primary arena for many TPD strategies, a

vast landscape of pathogenic proteins resides on the cell surface or

in the extracellular space. To address these targets, a distinct

technological platform has emerged: eTPD. This strategy funda-

mentally inverts the engineering challenge of its intracellular

counterparts. Instead of engineering an escape from the endosome,

the goal is to orchestrate a direct and efficient trafficking route to

the lysosome for final degradation. While this mechanism liber-

ates eTPD design from the constraints of membrane permeability

and endosomal escape, its efficacy becomes exquisitely sensitive

to two core requirements: (1) high-avidity engagement with the

POI to form a stable complex, and (2) efficient, effector-mediated

internalization and lysosomal sorting. The monovalent nature and

fragile stoichiometry of first-generation eTPDs often fail to meet

these demands. Nanotechnology, by reimagining the eTPD as a

programmable nano-scaffold, provides a rational toolkit to over-

come these challenges.

The first-generation nano-scaffolds operate as LYTAC mimics,

designed to solve the avidity imperative. The fragile 1:1:1 stoi-

chiometry of a monovalent degrader often fails to stabilize the

tripartite complex on the dynamic cell membrane. By creating a

nanoparticle decorated with multiple copies of both a POI ligand

and a cell-surface effector ligand, one can leverage multivalency

to dramatically increase functional binding strength, robustly

driving complex formation and subsequent internalization144.
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These principles have been powerfully demonstrated through two

distinct, yet complementary, design philosophies. The first is a

“bottom-up” approach based on in situ self-assembly. The

Lysosome-Targeting Co-assembly (LYTACA) strategy, developed

by Dong’s group, exemplifies this concept91. They designed two

distinct peptide ligands―one binding the POI and the other an

effector receptor―and modified each with hydrophobic aromatic

motifs. Upon mixing, these components co-assemble into bispe-

cific nanoparticles that present a multivalent display of both li-

gands, effectively driving endocytosis and lysosomal degradation

of the target. The profound modularity of this platform was

showcased by its rapid adaptation to degrade different targets,

such as IL-17A or PD-L1, and to engage different effectors, like

the scavenger receptor SR-A or the liver-specific ASGPR, simply

by swapping the constituent peptide modules.

The second philosophy is a “top-down” approach, which le-

verages pre-synthesized, multi-functional polymers as the nano-

scaffold. This is masterfully illustrated by a semiconducting

polymer nano-LYTAC (SPNly) designed for cancer immuno-

therapy145. In this architecture, a semiconducting polymer back-

bone was covalently conjugated with both an IL-4R targeting

peptide and a lysosome-sorting peptide. This created a discrete,

multivalent nano-scaffold that efficiently directed the degradation

of the IL-4R on tumor-promoting M2 macrophages, effectively

reprogramming them. Crucially, this “top-down” design allowed

for the integration of an additional, pre-engineered function: the

polymer backbone itself acted as a sonosensitizer. Under ultra-

sound irradiation, the SPNly generated singlet oxygen to directly

kill cancer cells, thus combining TPD strategies with sonody-

namic therapy in a single, precisely engineered entity that ach-

ieved complete tumor suppression in mouse models145.

While the nano-scaffold strategies effectively enhance the con-

ventional eTPD mechanism, the LTR-dependency, which replyied on

the engagement of an endogenous LTR as the “effector” introduces

fundamental liabilities. Therapeutic efficacy becomes tethered to the

expression level and tissue specificity of the chosen LTR, which are

often suboptimal146. Furthermore, competition with abundant

endogenous ligands can limit degrader access, and hijacking key

physiological players like TfR or GLP-1R raises safety concerns

about interfering with their normal biological functions147,148.This

challenge has inspired a more advanced and versatile strategy:

bypassing the LTR altogether. Nanotechnology provides a particu-

larly elegant solution by leveraging a nanoparticle’s intrinsic ability to

be endocytosed. Unlike small molecules or antibodies, nanoparticles

are readily internalized by cells through various receptor-independent

pathways (e.g., macropinocytosis) and are naturally trafficked

through the endo-lysosomal network. This inherent property allows a

nano-scaffold functionalized with only a POI-targeting ligand to act

as its own effector. A clear demonstration of this principle was pro-

vided by Shi and colleagues149, who developed a general strategy for

degrading extracellular proteins using clinically-approved compo-

nents. They showed that by simply conjugating a targeting antibody

(e.g., anti-EGFR) to the surface of a poly (lactic-co-glycolic acid)

(PLGA) nanoparticle, they could induce the degradation of EGFR

without recruiting a LTR. The nanoparticle itself mediated the

internalization and subsequent lysosomal trafficking of the bound

protein. They further proved the versatility of this “TPD-NP” strategy

by extending it to other targets like Her2 and PD-L1, and demon-

strated that it was platform-agnostic, working efficiently with various

nanocarriers including liposomes, LNPs and lipopolyplexes. Build-

ing on this effector-independent principle, Shen’s group150 developed

a highly modular, “plug-and-play” platform termed MONOTAB

(Modified Nanoparticles with Targeting Binders). By using

streptavidin-coated nanoparticles as a universal chassis, they could

rapidly and facilely assemble functional degraders simply by

attaching corresponding biotinylated targeting antibodies. This

modularity elegantly demonstrated the platform’s versatility,

enabling the degradation of diverse targets ranging from membrane

proteins like PD-L1 and extracellular enzymes like MMP2, to even

complex, non-protein entities such as extracellular vesicles (EVs).

This concept of using the nanoparticle as a multifunctional chassis

was further advanced by Gao’s group151 with their development of an

endoTAC platform targeting the pathological receptor RAGE,

implicated in Alzheimer’s disease. The endoTAC itself leveraged the

nanoparticle’s intrinsic lysosomal tropism, enhanced by multivalent

binding, to efficiently degrade RAGE. What’s more, the platform’s

power was also revealed in its capacity for combination therapy. By

encapsulating simvastatin within the nanoparticle core (termed

SV@endoTAC), the system could simultaneously upregulate LRP1

to promote the clearance of amyloid-beta (Aß). This single, precisely

engineered nanoplatform was therefore able to both degrade a key

pathological receptor and modulate a separate, complementary

pathway, showcasing the immense potential of nano-scaffolds to

serve not just as degraders, but as integrated, multi-modal therapeutic

systems151.

A parallel strategy to achieve effector-independence, drawn

from molecular engineering, seeks to directly co-opt the cell’s

own intracellular trafficking code. The cytosolic domains of LTRs

contain specific peptide motifs (e.g., tyrosine- or dileucine-based

signals) that are recognized by the cellular sorting machinery,

such as clathrin coats, to ensure lysosomal delivery152,153. Inspired

by this, Cai’s group154 developed SignalTACs, a platform that

bypasses the need for an external effector receptor entirely. They

engineered a chimera by fusing a membrane-protein binder

directly to a canonical lysosome-sorting signal. This elegant

design effectively “writes” a lysosomal delivery instruction onto

the target protein, instructing the cell to internalize and degrade it.

The power of this approach was demonstrated by the successful

degradation of multiple key targets, including EGFR, HER2, and

PD-L1154. This concept of integrating sorting signals can be

powerfully combined with nano-scaffold design. The SPNly

platform, for instance, exemplifies this strategic convergence by

incorporating a lysosome-sorting peptide directly onto its semi-

conducting polymer backbone, thus using both multivalency and

an explicit trafficking signal to guarantee efficient lysosomal

delivery145.

While effector-independent nanoparticle strategies elegantly

bypass the requirement for internal effectors to drive lysosomal

trafficking, they simultaneously shift the entire burden of target

specificity onto the POI-binding moiety. Consequently, if the

target protein is ubiquitously expressed across healthy tissues,

these broadly applicable platforms risk inducing severe off-target

degradation-essentially trading the constraint of LTR dependency

for the critical translational hurdle of systemic toxicity. To sur-

mount this barrier, a secondary layer of spatial specificity must be

introduced to restrict the formulation’s in vivo biodistribution.

Nanoparticle platforms offer a modular technological solution to

this via active tissue targeting. Their unique surface functionali-

zation capacity enables researchers to co-display multivalent,

tissue-specific targeting ligands (such as peptides or antibodies)

alongside the POI binder on a single nanoscaffold. This multi-

tasking architectural design creates a highly localized “AND”

logic gate, ensuring that degradation predominantly occurs only

within microenvironments where the spatial anchor is highly
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expressed, thereby successfully circumventing broad, POI-related

off-target risks.

Theoretically, any tissue-restricted surface moiety can serve as

this spatial anchor to govern macroscopic biodistribution155. Inter-

estingly, however, many rationally selected active targeting receptors

serendipitously overlap with well-characterized, canonical LTRs.

Notable examples include the TfR for penetrating the blood—brain

barrier (BBB) and tumor solid tissues156, integrins and the folate

receptor for localizing selectively to neoplastic niches, and the

ASGPR for robust hepatic tropism. In the context of NP-mediated

TPD, these functionally overlapping receptors exert a powerful

synergistic dual-function: their primary organismal role dictates

macroscopic pharmacokinetics to restrict off-target distribution,

while their intrinsic endolysosomal propensity cumulatively en-

hances intracellular degradation efficiency.

A quintessential example of this paradigm is the recently

developed modular platform based on human heavy-chain ferritin

(HFn) nanocages (HFn-LYTAC)156. Functionalized via the

SpyTag-SpyCatcher system, these self-assembling NPs were

decorated with affibodies targeting therapeutically relevant, yet

broadly expressed, membrane proteins (EGFR, HER2, and PD-

L1). Because the HFn scaffold inherently exhibits robust multi-

valent binding to TfR1-a receptor highly overexpressed in tumor

microenvironments and uniquely enriched at the BBB-it functions

distinctly as a macroscopic spatial anchor. By exploiting this

spatial gating, the HFn system selectively restricted its bio-

distribution to tumor xenografts and demonstrated a remarkable

capacity to cross the BBB for glioblastoma localization, actively

circumventing systemic toxicity. Crucially, mechanistic in-

vestigations elaborated on HFn’s dual role: operating primarily as

a tissue-selective homing ligand to correct macroscopic distribu-

tion, while synergistically engaging classical TfR1-dependent

mechanisms to facilitate potent lysosomal trafficking. Similarly,

structural functionalization of poly (glutamic acid) NPs with both

POI-targeting PD-L1 antibodies and the integrin-binding RGD

peptide successfully confined degradative activity to the tumor

site, yielding significantly improved tumor-specific protein clear-

ance157. Another particularly elegant demonstration of this prin-

ciple is the Supra-LYTAC platform, which targets the tumor-

associated enzyme carbonic anhydrase IX (CAIX)158. This sys-

tem utilizes two distinct, self-assembling peptides: one bearing a

CAIX-targeting ligand (acetazolamide) and the other a POI-

binding moiety. These peptides are designed to co-assemble into

functional, bifunctional nanofibers only upon engaging with CAIX

on the cancer cell membrane. This targeted self-assembly creates a

multivalent degradation hub directly at the site of disease, which is

then internalized via the endocytic activity of CAIX itself,

ensuring tumor-selective degradation of the chosen POI.

An alternative, and perhaps more versatile, approach to

achieving tumor specificity is to create a “smart” nano-scaffold

that responds not to a specific receptor, but to the unique physi-

cochemical properties of the tumor microenvironment (TME).

This was masterfully illustrated by Liu and colleagues with their

innovative NLTC (Nanoscale LYTAC) platform159. They

designed a core LYTAC nanoparticle capable of binding both a

POI (PD-L1) and a ubiquitous LTR (CI-M6PR), but shielded its

surface with a pH-sensitive PEG layer. During systemic circu-

lation in neutral pH blood, the NLTC remains inert and

“stealthed”. However, upon extravasation into the acidic TME,

the PEG layer is shed, exposing the active degrader functional-

ities precisely at the site of the tumor. This TME-gated activation

allows the use of a broadly expressed LTR for efficient

degradation, while still achieving exceptional tumor selectivity

by ensuring the degrader is only “armed” in the immediate vi-

cinity of the cancer cells.

Together, these strategies showcase the sophisticated logic that can

be engineered into nano-scaffolds: one achieves specificity by targeting

a disease-specific protein, while the other does so by responding to a

disease-specific environment. Both represent a significant leap towards

safer and more effective eTPD therapeutics. Beyond the currently

explored paradigms, the broader landscape of precision nanomedicine

offers a vast arsenal of established off-target-mitigating strategies that

could also serve as blueprints for the next generation of NP based TPD

platforms160. For example, the incorporation of exogenous physical

triggers, such as photo- or ultrasound-cleavable crosslinkers, could

afford absolute macroscopic spatiotemporal control over localized

degradation. Complementing these synthetic architectures, EVs are

emerging as a transformative, bio-inspired solution for targeting161.

Distinguished by their intrinsic ability to navigate the circulatory system

with minimal immunogenicity. By biologically displaying targeting

ligands and degradation effectors on the vesicle surface, this strategy

enables the precise modulate multiple pathogenic mediators162. Ulti-

mately, the convergence of these advanced nanotechnological modal-

ities with the structural modularity of degraders represents a fertile,

underexplored frontier for achieving high-precision therapeutic protein

degradation. Integrating these advanced nanotechnological modalities

with the inherent modularity of effector-independent degraders un-

doubtedly outlines a fertile, yet underexplored, frontier for achieving

“reduced-off-target” therapeutic protein degradation.

6. Conclusions

TPD is creating a paradigm shift in drug development, moving

beyond the limitations of classical, occupancy-driven pharma-

cology. In addition to classical iTPD strategies based on the

UPS, recent advances have seen growing emphasis on

autophagy—lysosome system-based iTPD and endo-

some—lysosome-mediated eTPD, significantly expanding the

scope of degradable targets from intracellular proteins to

extracellular and membrane-associated ones. This diversification

opens new therapeutic possibilities and enhances intervention

flexibility. However, several critical challenges remain. Firstly,

many degraders exhibit unfavorable physicochemical proper-

ties―typically large, complex structures that fall into the bRo5

category, resulting in poor solubility, limited stability, and sub-

optimal pharmacokinetics. Secondly, concerns around off-target

and on-target, off-tissue effects persist, representing a common

hurdle for highly potent therapeutics. Moreover, class-specific

limitations must be addressed. iTPDs face obstacles such as the

hook effect in PROTACs, where efficacy diminishes at high

concentrations, and the reliance of autophagy-dependent de-

graders (e.g., AUTACs) on variable autophagic activity. Mean-

while, eTPDs (e.g., LYTACs) are challenged by the avidity

imperative for effective cell surface engagement and the com-

plexities of ensuring efficient lysosomal trafficking.

The convergence of TPD and nanotechnology represents

another transformative advance in pharmaceutical research. As we

have dissected, nanotechnology is not a monolithic solution but a

versatile and programmable toolkit that can be rationally tailored

to the distinct biological challenges posed by different TPD stra-

tegies. The “Destination-Driven Framework” proposed herein

provides a clear logic for this tailoring. For iTPD, where the target

is the cytosol, the nano-platform serves as the ultimate “delivery

vehicle”, engineered with a sophisticated playbook to chaperone a
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poorly drug-like molecule through a multi-stage obstacle course

culminating in the “escape from the endosome”. Conversely, for

eTPD, where the destination is the lysosome, the nanoparticle

transforms into a “programmable nano-scaffold”, designed to

master the intricate choreography of cell-surface engagement,

internalization, and lysosomal trafficking.

While the preclinical proof-of-concept for NanoTPD is compelling,

translating academic innovation into clinical reality demands a clear-

eyed assessment of the biological barriers. A critical lesson from the

broader field of nanomedicine is that the nanoparticle is never a truly

“passive” entity. The future of NanoTPD lies in transcending the

“carrier-centric” mindset―where the vehicle is viewed merely as an

inert shuttle―toward a “bio-integrated” paradigm, where the complex

interactions at the nano-bio interface are not only understood but

actively exploited to drive therapeutic efficacy.

Central to this challenge is the protein corona, the spontaneous

acquisition of a “biological identity” upon contact with physiolog-

ical fluids. Upon systemic administration, the engineered surface of

any nanoparticle is instantly coated by a complex layer of plasma

proteins. For Nanoparticle-Enabled TPD, this interaction dictates

in vivo fate through distinct, yet equally critical, mechanisms:

First, for iTPD-loaded nanocarriers, the corona challenges struc-

tural integrity. Recent bibliometric analyses highlight that “soft” car-

riers, such as predominantly LNPs, are highly susceptible to

interactions with biological fluids. The competitive adsorption and

insertion of blood proteins can trigger lipid rearrangement and struc-

tural remodeling. This leads to the premature leakage of hydrophobic

payloads (such as PROTACs) before they reach the target tissue,

effectively uncoupling the nanocarrier’s biodistribution from the pay-

load’s pharmacodynamics. Second, for rigid carriers and nanoparticles

acting as intrinsic degraders, the corona imposes functional masking

and misrouting. Even if structural integrity is maintained, the adsorbed

protein layer can sterically obscure surface ligands, resulting in “ligand

masking” and thus less-effective tissue targeting. For nanoparticles as

intrinsic degraders, this is catastrophic as it diminishes the binding

affinity to LTRs or POIs, thereby aborting the formation of the ternary

complex required for degradation. More fundamentally, at the cellular

level, the target cell does not directly recognize the engineered nano-

particle surface, but rather the topological arrangement of the

corona163. Although substantial effort has been devoted to under-

standing protein corona formation in the extracellular milieu and its

influence on nanoparticle uptake, far less attention has been paid to the

intracellular fate of the corona once internalization occurs. Accumu-

lating evidence indicates that corona composition not only dictates the

kinetics and pathway of endocytosis, but also exerts a profound influ-

ence on downstream cellular processing164. A corona enriched in de-

natured proteins or opsonins, for instance, may function as a molecular

“danger” signature, preferentially engaging scavenger receptors and

routing nanoparticles toward lysosomal sequestration. For iTPD pay-

loads, which require cytosolic access to co-opt the

ubiquitin—proteasome system, such lysosomal confinement constitutes

a functional dead end, effectively precluding productive degradation.

Another layer of biological interaction that fundamentally shapes

degradation efficiency lies in the capacity of nanoparticles to modulate

the basal autophagic state of host cells. Nanomaterials are seldom

biologically inert; rather, their physicochemical attributes can actively

reprogram intracellular homeostasis. Positively charged lipids such as

1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP), for example

can act as bioactive stimuli to elevate basal autophagy, thereby

reshaping the intracellular proteostatic landscape142. Elucidating the

fundamental nano—bio interface is therefore not a purely academic

endeavour, but a prerequisite for the rational development of next-

generation NanoTPD platforms with enhanced efficiency and pre-

dictability. Achieving this objective will require the deployment of

increasingly sophisticated and quantitative methodologies. Live-cell,

high-resolution imaging approaches are needed to resolve nano-

particle trafficking and payload release dynamics in real time. Com-

plementary genetic perturbation strategies, including CRISPR-based

screens, can systematically delineate the repertoire of surface receptors

and endocytic machinery governing nanoparticle entry. At the systems

level, quantitative profiling of ubiquitination landscapes and autopha-

gic flux will be essential to define how nano-induced perturbations

reshape cellular proteostasis. Together, such integrated analyses will

enable a mechanistically informed framework for engineering more

precise and controllable degradation platforms.

While the mechanistic potential of Nanoparticle-Enabled TPD

strategy is vast, bridging the “bench-to-bedside” chasm demands

confronting the persistent hurdles of nanomedicine. The first

barrier is Chemistry, Manufacturing, and Controls, primarily

rooted in the intricate physicochemical processes required for

their supramolecular assembly. Unlike conventional therapeutics,

the formulation of nanocarriers, whether through nano-

precipitation, emulsification, or microfluidic self-assembly, oper-

ates within exceedingly narrow thermodynamic and kinetic

windows, demonstrating extreme sensitivity to processing pa-

rameters such as temperature, pH, and shear forces. Consequently,

transitioning from meticulously controlled laboratory-scale syn-

thesis to commercial bioreactors frequently induces profound

batch-to-batch heterogeneity in critical quality attributes,

including particle size distribution, zeta potential, and encapsu-

lation efficiency. This scalability hurdle is further exacerbated by a

pervasive lack of high-resolution, standardized analytical meth-

odologies, which renders the precise characterization of surface

properties and the separation of structurally analogous impurities

exceptionally difficult. Moreover, the inherent physical instability

of these nanostructures presents a dual paradox during down-

stream processing and storage; rigorous purification to eliminate

residual organic solvents and unencapsulated payloads often

compromises carrier integrity, leading to premature drug leakage,

particle aggregation, and severely diminished yields. Ultimately,

this intricate nexus of manufacturing fragility and analytical

limitations, coupled with an exorbitant reliance on cost-prohibitive

raw materials (e.g., highly purified functional lipids) and

specialized Good Manufacturing Practice infrastructure, imposes a

stringent techno-economic barrier that severely restricts the

commercial viability of emerging nanotherapeutics.

Inextricably intertwined with these manufacturing inconsistencies

is the profound uncertainty surrounding the biological fate and safety

profiles of nanotherapeutics, where even minor physicochemical var-

iations can precipitate drastic shifts in pharmacokinetics and

toxicity165. Unlike conventional small molecules, once administered,

these complex nanomedicines often evade traditional clearance

mechanisms, leading to unmonitored accumulation in the reticuloen-

dothelial system (RES), cardiovascular, and central nervous systems,

potentially triggering oxidative stress-mediated mitochondrial

dysfunction, inflammatory cascades, and DNA damage. This risk is

compounded by the non-linear relationship between formulation at-

tributes and biological response; for instance, subtle structural differ-

ences in LNPs, as evidenced by the distinct pH gradients and core

structures of COVID-19 mRNA vaccines compared to liposomal

doxorubicin, dictate their specific in vivo behavior and efficacy166.

What’s more, the regulatory landscape represents one of the

most formidable bottlenecks in the clinical translation of nano-

formulations, primarily because regulatory frameworks have
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lagged significantly behind the rapid evolution of nanotechnology.

Currently, major regulatory bodies such as the FDA and EMA lack

standalone, globally harmonized guidelines specifically tailored

for complex nanomedicines. Instead, authorities often rely on an

ambiguous “case-by-case” assessment approach or attempt to fit

these highly advanced therapeutics into conventional small-

molecule approval pathways. This fundamental regulatory gap

directly exacerbates the engineering challenges of manufacturing

and scalability. Without universally defined Critical Quality At-

tributes for nanoscale structures, developers face immense diffi-

culties in establishing standardized Quality by Design parameters.

Consequently, maintaining batch-to-batch consistency, particu-

larly regarding particle size distribution, drug loading, and surface

modifications, during industrial scale-up becomes exceptionally

challenging and costly167. Furthermore, the absence of a distinct

and streamlined regulatory pathway adds significant commercial

and legal uncertainty for long-term clinical application.

Confronting these immense challenges directly informs a

necessary strategic pivot towards “engineered simplicity” and

“problem-driven pragmatism”. We must concede that the classical

EPR effect has proven to be an unreliable predictor of clinical

success, forcing a paradigm shift in our approach. A more prag-

matic and promising path forward is to first target diseases in

organs of natural nanoparticle accumulation―the liver, spleen,

and immune cells―where the certainty of delivery is far greater.

The definitive success of Onpattro� is the ultimate validation of

this strategy. This focus on pragmatism extends to design phi-

losophy itself; instead of building a multi-functional “Swiss Army

knife,” we should design a “scalpel” that solves one critical

bottleneck with minimal necessary complexity, as functional

simplicity is often the most direct path to stability and control.

This new mindset even allows us to re-examine biological in-

teractions once seen as obstacles, turning foes into friends. We

can, for example, actively engineer the protein corona to recruit

specific plasma proteins that “chaperone” the nanoparticle to its

target, or leverage the unique pH of the endosome not as a barrier,

but as a precise trigger to activate the payload.

In conclusion, the future of NanoTPD will not be defined by how

complex we can make a nanoparticle, but by how we apply the smartest

and simplest design to solve a significant clinical problem that is

otherwise intractable. By embracing the nanoparticle as an active,

designable “biological entity”―not a passive “delivery truck”―we

can finally begin to rationally engineer platforms that are not only

effective, but truly transformative. Thus, the fusion of nanotechnology

with TPD is creating a therapeutic paradigm of unprecedented power

and versatility. It offers a tangible path to drugging the “undruggable”

and programming therapeutic outcomes with increasing precision. The

journey from the laboratory bench to the patient’s bedside is formi-

dable, paved with significant challenges in mechanistic understanding,

engineering complexity, and clinical translation. However, by learning

the hard-won lessons from the broader fields of nanomedicine and

proximity-induced biology, and by fostering a deeply interdisciplinary

approach, the scientific community is poised to transform these inno-

vative concepts into a powerful new class of medicines that can truly

redefine the future of therapy.
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